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SUMMARY 

I.  To de te rmine  whether  f a t t y  acid esterif icat ion occurs at  the  apical  surface 
of in tes t ina l  absorp t ive  cells dur ing  fat  absorpt ion ,  we isolated and  f rac t iona ted  in- 
t e s t ina l  brush  borders  from hams te r s  fed pure  oleic acid and from ever ted  in tes t ina l  
sacs briefly i ncuba ted  wi th  14C-labeled oleic acid. 

2. The amount s  of f a t t y  acid and  t r ig lycer ide  in isola ted brush borders  increased 
3 to 5-fold af ter  oleic acid  was fed. Similar ly,  increased amount s  of f a t t y  acid and  
t r ig lycer ide  were observed in the  C-band fract ion of d i s rup ted  brush borders.  Al though 
the  C-band fract ion from fast ing hams te r s  cons t i tu tes  a v i r tua l ly  pure p repa ra t ion  
of microvi l lous membranes ,  this  f ract ion was found to be con tamina t ed  with  other  
subcel lular  e lements  when isola ted  from fat-fed animals .  

3- When  ever ted  in t e s t ina l  sacs were exposed for 3o sec to t race quant i t i es  of 
laC-labeled oleic acid, a lmost  half of the  r ad ioac t i v i t y  in subsequen t ly  isola ted brush 
borders  was presen t  as t r iglyceride.  W h e n  these brush  borders  were fur ther  f rac t iona-  
ted,  g lycer ide  specific ac t i v i t y  was found to be low in morphologica l ly  pure C-band 
p repa ra t ions  of microvi l lous  membranes .  In  con t ras t  the  AB fract ion,  which consists 
of var ious  subcel lular  e lements  including a b u n d a n t  smooth  endoplasmic  re t iculum,  
conta ined  glycer ides  wi th  higher  specific act ivi t ies  t han  those of whole brush  borders  
or microsomes s imul taneous ly  i sola ted  from the  r ema inde r  of the  cell. 

4. These findings suggest  t ha t  i so la ted  whole brush  borders  owe their  ac t iv i ty  
for glycer ide  synthesis ,  not  to any  component  of the  microvil lus  itself, bu t  to the  
smooth  endoplasmic  re t i cu lum wi th in  the  r im of a t t a ched  apical  cy top lasm ord inar i ly  
adhe ren t  to isola ted brush borders .  

INTRODUCTION 

Dur ing  l ipid absorpt ion ,  small  bowel  mucosa  synthesizes  t r iglycer ide from 
absorbed  f a t t y  acid and  monoglycer ide  1. When  in tes t ina l  absorp t ive  cells are examined  
with  the  electron microscope dur ing  f a t t y  acid and  monoglycer ide  absorpt ion ,  oil 
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BRUSH BORDERS AND FATTY ACID REESTERIFICATION 551  

droplets presumed to contain newly synthesized triglyceride are first detected in the 
subapical cytoplasm bounded by  smooth membranes and are not seen in the microvilli 
or terminal web which form the brush border of the cell 2. Since microsomes isolated 
from intestinal cells synthesize triglyceride in vitro 3, ~, it is generally believed that  
fa t ty  acid and monoglyceride pass unchanged through the microvilli and are esterified 
by  microsomes in the subapical cytoplasm. 

This widely held view has recently been questioned. FORSTNER et al. 5 demon- 
strated in vitro glyceride synthesis in purified preparations of rat  brush borders. 
Similarly, GALLO 6 showed that  rat  brush borders synthesize glycerides as actively 
in  vitro as isolated microsomes. Furthermore, FORSTNER et al. 7 found that  when micro- 
villous membranes are isolated from the brush borders of rats fed safflower oil, the 
triglyceride subsequently extracted from the microvillous membrane fraction contains 
increased amounts of linoleic acid. These observations raise the possibility that  tri- 
glyceride may  be synthesized from absorbed fa t ty  acid at the absorptive surface, 
either on or within intestinal microvilli. 

To examine events occurring at the surface of the intestinal cell during lipid 
absorption, we fed a pure fa t ty  acid to hamsters and determined the lipid composition 
of subsequently isolated brush border and microvillous membrane preparations. We 
also exposed everted sacs of hamster  small intestine to 14C-labeled oleic acid and 
measured radioactive glycerides present in subsequently isolated subcellular fractions, 
Although absorbed fa t ty  acid was esterified in that  region of intestinal cells which is 
isolated in standard brush border preparations, microvillous membranes lining the 
absorptive cell surface did not appear to account for this glyceride synthesis. The 
findings were consistent with the view tha t  fa t ty  acid esterification occurs in mem- 
branous elements associated with the rim of subapical cytoplasm adherent to isolated 
brush borders. During the course of these investigations it became apparent that,  
unlike the situation when fasting animals are used, microvillous membrane prepara- 
tions obtained from fat-fed hamsters are grossly contaminated with other subcellular 
elements. 

METHODS 

Feeding experiments 
Golden hamsters were fasted for 24 h and were sacrificed either in the fasting 

state or 2.5 h after 0.5 ml of oleic acid (Hormel Institute, Austin, Minn.) was admin- 
istered via a gastric tube. The gut lumen was thoroughly flushed with the EDTA 
phosphate buffer used to isolate brush borders. The mucosa was lightly scraped from 
the entire gut length of each animal, and scrapings from lO-12 hamsters were pooled 
for each determination. 

Incubation experiments 
The full length of hamster  intestine was used to make an everted sac, and 

lO-12 such sacs were used for each experiment. Sacs were incubated for 30 sec at 37 ° 
in an oxygenated micellar solution containing 2.4/,moles sodium taurodeoxycholate 
(Maybridge Ltd., Cornwall. U.K.), 0.6 #moles oleic acid (Hormel), 0. 3/*moles I-mono- 
olein (Hormel), 1.o /*moles dextrose, and 0.3 /*C of EI-14C~oleic acid (New England 
Nuclear Corp., Boston, Mass.) per ml Krebs-Ringer phosphate buffer (pH 6.4). The 
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l ipids were found to be at  least  99 o; pure  b y  thin  layer  ch roma tog raphy  and were 
used as supplied.  Fol lowing acidif icat ion and three  ex t rac t ions  with d ie thy l  e ther ,  
the  t au rodeoxycho la te  was found to conta in  no more than  o.5 °0 impur i ty .  

I m m e d i a t e l y  following incubat ion,  the sac was r insed several  t imes in iced 
buffer and  the mucosa  immed ia t e ly  scraped with a glass slide into EDTA- l )hospha te  
buffer a t  o °. Rinsing and scraping took an average t ime of 9 ° sec. 

Cell fractionatio~z 
Brush borders  were p repared  b y  the me thod  of MILLER AND CRANE. ~ Brush 

borders  were f rac t iona ted  as descr ibed b y  EmHHOLZ ANt) CRANE 9. W i t h  this  method ,  
d i s rupt ion  of brush borders  wi th  I.O M Tris  followed by  dens i ty  g rad ien t  centr i fugat ion 
regular ly  separa tes  brush  border  components  in to  bands  which have been des igna ted  
"A,  B, C, C', and D".  Whereas  the  mate r ia l  recovered from the A, B and D bands  is not  
homogenous,  both  the  C and C' bands  yield a v i r tua l ly  pure p repara t ion  of microvi l lous 
membranes  ~°. In  the  present  exper iments  the  brush border  components  were collected 
in 4 f ract ions:  the  ma te r i a l  from the  A and B bands  was collected as a single AB 
fract ion,  while the  ma te r i a l  in the  C, C' and  D bands  were each collected separa te ly .  
Af ter  the  add i t ion  of 5 vol. of wate r  or Krebs -R inge r  phospha te  buffer to each frac- 
t ion,  the  C, C' and  D fract ions were recovered as pellets  by  cent r i fugat ion  at  27 ooo 
x g for 25 min. Recovery  of the  AB fract ion was found to be complete  only after  
cen t r i fuga t ion  at  i o5ooo  × g for 3 ° min. 

Microsomes were isolated from the supernate  ob ta ined  when homogenized 
mucosal  scrapings were centr i fuged at  5oo x g for Io  min to remove brush borders ,  
nuclei  and  other  large cellular debris.  This  superna te  was ad jus ted  to o.25 M with 
sucrose and  was centr i fuged at  x45oo × g for 45 rain to remove mi tochondr ia  and 
then  at  IO5OOO x g for 3o rain to recover  the  microsomal  fraction.  

In  one exper iment  tr i l inolein emulsified in 5 °o leci thin was added  to mucosal  
scrapings which were then  homogenized.  Cell f rac t iona t ion  as descr ibed above  was 
carr ied out  to de te rmine  whe ther  the  added  t r ig lycer ide  would con tamina te  isola ted 
p repara t ions  of brush borders  and  microvi l lous membranes .  

Morphology 
Aliquots  of brush border  p repara t ions  from each exper iment  were examined  

with a phase  microscope to assure pur i ty .  Only those p repa ra t ions  v i r tua l ly  free of 
und i s rup t ed  cells, nuclei, and  cellular debris  were ut i l ized for chemical  analysis  and  
r a d i o a c t i v i t y  measurements .  

The brush border  fract ions for electron microscopic examina t ion  were recovered 
from the  dens i ty  grad ien t  b y  cent r i fugat ion  in K r e b s - R i n g e r  phospha te  buffer. The 
resul t ing pel lets  were fixed in chrome osmium te t rox ide  n,  dehydra ted ,  and  embedded  
in epoxy  resin 12 d i rec t ly  in the  centrifuge tube  wi thou t  d is rupt ion  of the  pellet .  
Or ien ta t ion  was thus  ma in t a ined  and  the  pellets  were careful ly moun ted  in the  
micro tome chuck so t h a t  the  full th ickness  of the  pellet  could be sectioned. Thin 
sections were s ta ined  wi th  lead c i t ra te  la and  the  morphologica l  appearance  of each 
pel let  was sys t ema t i ca l ly  s tud ied  from top  to b o t t o m  using a Phil l ips EM 3oo electron 
microscope.  
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Chemical analyses 
Lipids were extracted from tissue homogenates in chloroform-methanol (2:1, 

by vol.) and partit ioned according to FOLCH et al.14. Total lipid weights were determined 
on a Cahn electrobalance and known quantities chromatographed on ether-washed 
thin layers of silica gel G with a standard mixture of chromatographically pure oleic 
acid, cholesterol and triolein (Hormel). Non-polar lipids were separated on long plates 
in solvent systems of benzene-diethyl ether-ethanol acetic acid (50:40 : 2 : o.I, byvol.)  
followed by hexane-diethyl  ether (94:6, by vol.) and were detected by charring with 
5 ° % sulfuric acid. Individual amounts of lipid classes were determined in relation to 
standards of known weight by photodensitometric measurement as described by 
DOWNING 15. Triplicate analyses of each sample were found to agree with an error of 
less than 6 % for major components (as cholesterol) and an error of less than IO % 
for minor components (as diglyceride). The weight of tissue fa t ty  acids and glycerides 
were calculated by  assuming that  the average molecular weight of the fa t ty  acid 
components was 283 (oleic acid). Phosphorus in lipid extracts was determined by  a 
modification of the procedure of MARTIN AND I)OTY 16 and phospholipid content was 
calculated by assuming the average molecular weight of phospholipid to be 775. 
Glycolipid content was either determined by  difference or was estimated by  an an- 
throne reaction for lipid hexose 17 and the average molecular weight of glycolipid was 
assumed to be 846 on the basis that  one molecule of glycolipid contains one molecule 
of hexose. Radioactivity was determined by liquid scintillation counting in a toluene- 
based phosphor containing 4 g of 2,5-diphenyloxazole and o.I g of 1,4-bis-(5-phenyl- 
oxazolyl-2)-benzene per 1 of toluene. Quench corrections were made by the addition 
of internal standard. 

Tissue protein was estimated by the method of LowRY et al. TM, maltase by the 
method of OAHLQVIST 19 and RNA by  an ultraviolet absorption method described by  
FLECK AND BERG 20. 

RESULTS 

Morphology and ~urity of subcellular fractions 
The general appearance and puri ty of brush border preparations, as judged 

by phase microscopy, was identical in preparations isolated from fasted and fed 
animals. 

The C band pellets isolated from Tris-disrupted brush borders showed striking 
differences when pellets from fat-fed animals were compared with those from fasted 
animals. The C band pellets prepared both from fasted animals and everted sacs used 
in incubation experiments were composed almost exclusively of microvillous mem- 
branes with a membrane width of IOO to IiO • (Fig. IA). In sharp contrast, the C 
band pellets isolated from fat-fed animals were consistently heterogeneous in their 
composition and contained, in addition to the microvillous membranes, considerable 
quantities of membranous material  with a membrane width of only 7 ° to 80 A 
(Fig. IB). The morphological features of the thinner membranous profiles appeared 
identical to elements of smooth surfaced endoplasmic reticulum in microsomal pellets. 
In addition, large quantities of finely fibrillar material, not seen in C band pellets 
from fasted animals, were regularly present in C band pellets from fat-fed animals. 
The C' bands were morphologically indistinguishable from the C bands of the same 
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Fig. i. Typical C-band pellets from fasted and fed animals. A. The preparation from fasted animals 
consists almost exclusively of microvillous membranes (× 12ooo). B. The preparation from fed 
animals is heterogeneous and consists of thick membranes (long arrows), thin membranes (short 
arrows) and fibrillar material ( × I2 ooo, insert × 5 oooo). 

p r epa ra t i on .  Mal tase  a c t i v i t y  was  h igher  in C b a n d  pel le ts  o b t a i n e d  f rom fas ted  
(4.8 -L o.5 (S.D.) uni ts)  t h a n  in t hose  o b t a i n e d  f r o m  fa t - f ed  an ima l s  (3.8 -ff 1.6 uni ts ) .  

T h e  compos i t i on  of t h e  A B  pel le t  wh ich  was  r e c o v e r e d  b y  c e n t r i f u g a t i o n  a t  
lO 5 ooo x g for 3 ° m i n  was  e x t r e m e l y  he t e rogeneous .  T h r e e  d i s t inc t  c o m p o n e n t s  were  
r e g u l a r l y  r ecogn ized  in  th is  f rac t ion .  F i r s t ,  s m o o t h - s u r f a c e d  vesicles  l imi t ed  b y  a 
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Fig. 2. Appearance of a typical AB pellet. A. The lower portion of the pellet consists largely of 
membranes. Thin membranes (short arrow) are most abundant but some thick membranes (long 
arrow) are also present ( × 5oooo). B. The upper portion of the pellet consists largely of fibrillar 
material although some membranes are also present (× 5oooo). 

7 ° to  8o A m e m b r a n e  were  t h e  m o s t  a b u n d a n t  s t r u c t u r e  in th is  f r ac t ion  (Fig. 2A). 
These  were  t h o u g h t  to  be e l e m e n t s  of s m o o t h - s u r f a c e  e n d o p l a s m i c  r e t i cu lum.  Second ly ,  
fine f ibr i l lar  m a t e r i a l  of u n k n o w n  n a t u r e  was  also a b u n d a n t ,  espec ia l ly  in t h e  u p p e r  
ha l f  of t he  pe l le t  (Fig. 2B). Th i rd ly ,  m e m b r a n o u s  profi les c o m p o s e d  of m e m b r a n e s  
a p p r o x i m a t e l y  I00  to  i i o  X wide  were  r e g u l a r l y  seen in A B  pel le ts  espec ia l ly  nea r  
t h e  b o t t o m  of t h e  pe l le t  (Fig. 2A). These  were  i den t i ca l  in a p p e a r a n c e  to  t h e  mic ro -  
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villous membranes seen in pure form in the C or C' band from brush borders from 
fasted animals. AB band pellets from fasted and fed animals appeared identical except 
that pellets from fed animals occasionally contained profiles which resembled lipid 
droplets. In comparison to the maltase activity of the C band pellet containing pure 
microvillous membranes, the maltase activity of the AB fraction was markedly 
reduced (4.8 ~2 o.5 units vs. o. 4 -~ o.I units). 

The microsomal pellets consisted almost exclusively of smooth-surfaced and 
ribosome-studded elements of endoplasmic reticulum. The RNA content of the micro- 
somal pellets was 7.7 -[- 2.8 #g RNA-P/ml per mg protein compared to only 3.5 ~- 2.5 
in the AB pellets. 

Feeding experiments 
Table I indicates the lipid composition of homogenized intestinal mucosa, whole 

brush borders, and the C band fraction obtained from fasted hamsters and from 
animals fed pure oleic acid. When animals were sacrificed 2.5 h after fat ty acid admin- 
istration, the percentage of whole mucosal lipid present as fat ty acid and triglyceride 
increased more than 3-fold. Following feeding, triglyceride alone comprised almost 
33 °o of the total lipid. Both in brush border and C band preparations there was a 
similar 3-fold increase in the fatty acid and triglyceride fractions after animals were 
fed fatty acid. However, the percentages of fat ty acid and triglyceride present after 
feeding in brush borders and C bands were considerably smaller than in the whole 
mucosa, and the more polar phospholipids and glycolipids continued to be the 
preponderant lipid classes. 

Following feeding, total lipid to protein ratios (rag/g) increased in brush borders 
from 43o ~_ 5o to 52o ~ 7 ° and in C band preparations from 87o ~ 15o to lO7O ± 13o 
but these changes were not significant. Individual lipid amounts per g of protein 
are shown in Table II. Whereas the amounts of phospholipid, glycolipid, cholesterol 
and diglyceride did not change with feeding, there was a 3-5 to 5-fold increase in the 
quantities of fatty acid and triglyceride in these tissue fractions. 

T A B L E  I 

T H E  P E R C E N T A G E  O F  T H E  T O T A L  L I P I D  E X T R A C T E D  F R O M  \ V H O L E  M U C O S A ,  B R U S H  B O R D E R S ,  A N D  

T H E  C B A N D  I N  F A S T E D  A N D  F A T T Y  A C I D - F E D  H A M S T E R S  

T h e  n u m b e r s  in p a r e n t h e s i s  r e p r e s e n t  t he  n u m b e r  of p r e p a r a t i o n s  a n a l y z e d .  All  v a l u e s  a r e  s h o w n  
as t h e  m e a n  ± S.D.  

BJucosa 

Fasted Fed 
(5) (4) 

P h o s p h o l i p i d s  52.0 ± 7.2 36.1 ~ 5.2 
G lyco l i p i d s  26.5 * 14.4 * 
Cho le s t e ro l  7-7 ~c t . i  5.o F. 0. 7 
Cho le s t e ro l  e s t e r s  i . o  ~ 0. 7 0.3 4. 0.3 
F a t t y  ac ids  3.3 ~ o-9 lO.9 ~. 6.6 
D i g l y c e r i d e s  o.6 ± o. 4 o. 7 - :  o.2 
T r i g l y e e r i d e s  8.9 ± 2.7 32.6 ~ 9.6 

* D e t e r m i n e d  b y  d i f fe rence .  

Brush borders C band 

Fasted Fed Fasled Fed 
(4) (4) (6) (4) 

48.6 ± 5.4 4 t . 5  4 6.o 36.6 ~ 4.5 31.4 ~ 4.9 
32.3 * 27.8* 33.4 -2 1.4 29.o --  3.1 
13.°  m 2.5 9.7 ~ 1.6 13. 4 ± 1.6 I I .  5 ± 1.9 
n o t  d e t e c t e d  n o t  d e t e c t e d  n o t  d e t e c t e d  n o t  d e t e c t e d  

1.8 ~ o . I  8.9 .~ 5.6 2.7 --  0.7 7.2 -~ 2.3 
1.5 - -  0.9 1.9 ~ 0.3 2.3 -L I.O z-3 i 0-4 
2.8 ± 0. 5 lO.2 ~ 2.3 I. 5 ± 1.2 5.9 • 2.2 
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T A B L E  I I  

LIPID CONTENT IN m g / g  TISSUE PROTEIN OF BRUSH BORDERS AND C BAND FRACTIONS FROM FASTED 
AND FATTY ACID-FED HAMSTERS 

All v a l u e s  are  s h o w n  as the  m e a n  4- S .D.  

Brush borders C band 

Fasted Fed Fasted Fed 

Phospho l ip ids  211 ± 33 213 4- 7 317 4- 38 331 4- 32 
Glyco l ip ids  153 4- 23* 138 -1- 48* 284 q- 58 328 ± 55 
Cholesterol  52 ~5 7 5 ° ~- 8 115 ~_ i o  122 :t- 18 
F a t t y  acids  8 3_ i 45 :t- 25"*  23 ± 5 76 4- 2 7 " "  
Dig lycer ides  6 :t_ 4 IO 4- I 20 4- 7 25 4- 7 
Trig lycer ides  13 :t- 12 54 4- 18"* 12 4- 9 63 4- 26** 

* D e t e r m i n e d  by  difference.  
** p < 0.05 

T A B L E  I I I  

DISTRIBUTION OF RADIOACTIVITY IN BRUSH BORDERS AND COMPONENTS OF BRUSH BORDERS AFTER 
30 sec oF INCUBATION OF GUT SACS IN MICELLAR LIPID CONTAINING [14C]OLEIC ACID 

Percentage disint./min ± S.D. 

Fatty acid Phospholipid 2vlonoglyceride Diglyceride Triglyeeride 

W h o l e  brush borders  23. 4 ± 1.9 8.8 4- 1. 4 1, 3 4- i . i  18.6 4- 1. 4 48.0 --  4 .0 
A + B b a n d *  19.4 4- 3.1 lO.5 4- i . o  o , I  4- o 17. 3 ± 2.1 52. 7 q- 2.1 
C b a n d  41-6 ± 3.2 8. 4 4- o.8 0,8 ± o . i  15 .6 ± 0.3 33 .6 4- 3.4 
D b a n d  39.6 4- 6.8 9.1 4- o.8 2.0 4- 2.1 14. 7 4- 2. 5 38.0 4- 6. 4 

* Fract ions  ident i f ied in METHODS sect ion .  

When trilinolein was added to mucosal scrapings from fasted animals, the 
amount of triglyceride present in subsequently prepared C band fractions did not 
increase. Thus it is unlikely that the increase in C band triglyceride observed after 
feeding was merely the result of contamination of the C band preparation by triglyce- 
ride released from the rest of the cell during the isolation procedure. 

Incubation experiments 
Everted sacs of hamster intestine were incubated for 3o sec in micellar solutions 

containing trace quantities of [14C]oleic acid. Table III summarizes the distribution 
of radioactivity in subsequently prepared brush borders as well as in the various 
subcellular components isolated after disruption of these brush borders. After incuba- 
tion with labeled fatty acid, approximately half the total radioactivity recovered 
from whole brush borders was present as triglyceride. Of the brush border components. 
only the AB band contained a comparably high proportion of radioactivity in the 
triglyceride fraction. In contrast, the percentage of radioactivity recovered as trigly- 
ceride was lowest in the C band and was nearly 20 % less than that found in either 
whole brush borders or the AB band. 

Table IV compares the specific activities of the lipid classes in various brush 
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"FABLE IV 

R E L A T I V E  S P E C I F I C  A C T I V I T I E S *  OF B R U S H  B O R D E R  C O M P O N E N T S  A N D  M I C R O S O M E S  A F T E R  3 0  s e e  

I N C U B A T I O N  OF E V E R T E D  SACS IN M I C E L L A R  L I P I D  C O N T A I N I N G  [ 1 4 C ] O L E I C  ACID 

Values expressed as means  and ranges for 2** to  3 exper iments .  

Fatty a c i d  Phospholipid D i g l y c e r i d e  Triglyceride 

Brush borders  1 . o o  t . o o  I .OO I . o o  

A and  B band  0.88 (o.61 I . t4)** 1.75 (i.5o 2.oo)** 6.14 (3.5 ° 8.78) '* 1.72 (i .42-2.Ol)** 
C band  o.61 (0.45 0.76)** o.61 (0.5o 0.72 ) 0.29 (o.25 o.33)** 0.66 (0.57 0.76 ) 
D band  0.73 (o.58-o.91) 0.88 (0.69 1.19) 0.80 (o.41-1.37) o.79 (0.73-0.84) 
Microsomes 0.93 (0.45 1.63) 1.43 (1.25-1.62) 1.98 (0.76 2.62) 1.36 (1.16-1.57) 

* Relat ive specific ac t iv i ty  de te rmined  as the  rat io of specific ac t iv i ty  (disint. /min per  Fg 
lipid) of each lipid class to  the  brush border  specific ac t iv i ty  of the  cor responding  exper iment .  

border components and in microsomes with the specific activities of lipids extracted 
from whole brush borders. When everted intestinal sacs were exposed to )4Cjoleic 
acid for 3o sec, the specific activities of phospholipid, diglyceride and triglyceride 
extracted from the AB pellet and from microsomes were all distinctly higher than the 
specific activities of lipids extracted from whole brush borders. Furthermore, glycerides 
extracted from the AB pellet regularly had higher specific activities than glycerides 
from simultaneously isolated microsomes. Of particular note are the relative digly- 
ceride activities at this early period of intestinal uptake and reesterification of fa t ty  
acid: the diglycerides of the AB fraction were 6-fold higher than whole brush borders 
and 3-fold higher than mierosomes. In contrast, the specific activities of all glyceride 
fractions extracted from the relatively pure preparations of microvillous membranes 
found in C band material were distinctly lower than those observed in whole brush 
borders or microsomes. 

DISCUSSION 

During fat absorption i n  vivo21, 2~ or micellar lipid absorption i n  v i t ro  23 the 
presence of oil droplets within smooth membranes within the endoplasmic reticulum 
in the apical cytoplasm constitutes the earliest discernible evidence of triglyceride 
accumulation within the absorptive cell. At no stage of absorption are oil droplets 
visible by electron microscopy within the mierovilli of the brush border or within 
the plasma membrane which lines the microvilli 21-2~. Furthermore, when triglyceride 
synthesis is prevented by  incubating intestinal tissue at o °, no oil droplet formation 
can be observed 21. Combined radioautography and lipid analysis indicate, however, 
that  at o ° fa t ty  acid does enter the intestinal cell 2. These findings suggest that :  
(I) fa t ty  acid normally gains entrance to the intestinal cell by diffusion and (2) 
triglyceride is resynthesized within the cell only below the region of the brush border, 
within the smooth membranes of endoplaslnic reticulum. 

The assessment of higher glyceride synthesis by morphologic criteria alone has 
obvious limitations. I t  is possible that  when first synthesized in the intestinal cell, 
triglyceride may  not immediately aggregate to form droplets but might be solubilized 
in membranes. Furthermore, the earliest droplets formed could be microemulsion 
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droplets less than IOO ~ in diameter and not readily resolved by  electron microscopy. 
In addition, recent reports from three laboratories 2a-2G describe losses of 15-3o % 
of tissue lipid when intestinal mucosa is processed for electron microscopy. Although 
one reviewer 27 has suggested tha t  the amounts of lipid lost are minimal, it is entirely 
possible that  whatever lipid may  be lost comes preferentially from the brush border 
surface of the cell. 

Measurements of enzymatic activity in isolated fractions of the intestinal cell 
tend to support morphologic evidence concerning the site of triglyceride synthesis. 
Isolated microsomal preparations are more active than othe~ intracellular orgauelles 
in activating fa t ty  acid to the acyl derivative 28 and synthesizing the highei glycer- 
ides a, ~, 29. Nevertheless, FORSTNER and associates 5 reported that  purified preparations 
of brush borders were capable of incorporating fa t ty  acid into higher glycerides in 
vitro and that  the activity of one enzyme involved in tliglyceride synthesis (diglyceride 
acylase) was consistently greater in brush border fractions than in microsomal frac- 
tions. Furthermore, GALLO 6 demonstrated that  the brush border and microsomal 
fractions could each convert glycerol monoether to diglyceride and triglyceride analo- 
gues in the presence of fa t ty  acid-CoA. Since synthetic activity was approximately 
equal in both tissue fractions and since cross-contamination, as assessed by  RNA 
and invertase measurements, was not great, GALLO concluded tha t  brush borders 
and microsomes constituted two separate sites for glyceride synthesis. 

When one compares the enzymatic activities of several tissue fractions in vitro, 
problems of interpretation may  arise because the tissue fractions examined may  not 
be of comparable puri ty  or because the in vitro assay conditions may  not appropriately 
simulate the in vivo environment of the whole cell. We therefore chose to examine 
fa t ty  acid esterification in the intact mucosal cell. Absorptive cells were fractionated: 
(I) after pure fa t ty  acid was fed to hamsters and (2) after incubation of everted sacs 
of hamster  intestine with radioactive fa t ty  acid for only 3o sec. 

When we fed chromatographically pure fa t ty  acid to hamsters, the amount of 
triglyceride present in subsequently isolated intestinal brush borders increased sub- 
stantially. Fractionation of these brush borders yielded C band preparations with a 
comparably increased triglyceride content. Since our experience a° and that  of others al 
indicated that  C band material  constituted a virtually pure preparation of micro- 
villous membranes and since the addition of exogenous triglyceride to mucosal 
homogenates failed to alter the lipid composition of subsequently prepared C band 
fractions, we initially interpreted our results to indicate that  microvillous membranes 
synthesized triglyceride from absorbed fa t ty  acid ~2. Subsequent morphologic studies 
demonstrated that  microvillous membrane (C and C' band) preparations from in- 
testinal mucosa which contained an increased quant i ty  of absorbed lipid, unlike 
preparations from fasting animals, were extensively contaminated with other sub- 
cellular elements. The contaminating elements included endoplasmic reticulum, 
presumably from the rim of apical cytoplasm adherent to isolated brush borders. 
I t  is not at all clear why the presence of increased amounts of cellular lipid should 
alter the homogeneity of the C band fraction prepared from the disrupted brush 
borders. The brush border preparations themselves were indistinguishable by  phase 
microscopy from brush borders isolated from fasting animals. In any event, our 
feeding experiments confirmed previous demonstrationsS, 6 of glyceride synthesis in 
whole brush borders isolated from intestinal cells, but  failed to distinguish whether 
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microvillous membranes constituted an active site of triglyceride formation during 
fat ty acid absorption. 

To avoid the impure microvillous membrane preparations obtained when the 
lipid content of intestinal mucosal cells was increased, we performed experiments with 
everted intestinal sacs briefly exposed to only trace quantities of L14Cioleic acid. 
The lipid content of brush borders prepared under these conditions was not increased, 
and fractionation of these brush borders yielded a C band fraction which was a vir- 
tually pure preparation of microvillous membranes. After exposure of intestinal 
mucosa to 14C-labeled fat ty acid for only 30 sec, greater than 75 % of the radioactivity 
of the brush borders was recovered as higher glyeerides (Table III).  When these 
brush borders were further fractionated, however, the specific activities of glycerides 
present in the microvillous membrane (C band fraction) were distinctly lower than 
those of glycerides obtained from whole brush borders (Table IV). It  therefore seemed 
likely that the microvillous membrane accounted for not more than a small fraction 
of the total glyceride synthesis observed in whole brush borders. 

On the other hand, components of the brush border which separate predomi- 
nantly into the AB band appear to represent a major site for conversion of fatty 
acid to glycerides. AB material regularly contained labeled glycerides with consider- 
ably higher specific activities than did either whole brush borders or microsomes 
isolated from whole intestinal mucosa. The AB band contains diverse subcellular 
elements including vesicular rnicrovillous membranes as well as other membranous 
and fibrillar material. Even highly purified brush border fractions contain a firmly 
attached rim of the cell's apical cytoplasm 3°, 31, 33. The appearance of much of the AB 
pellet suggests that it may, in part, be derived from this apical cytoplasm. It  seems 
reasonable, therefore, to speculate that whole brush border fractions owe their activity 
for glyceride synthesis to a population of smooth membranes at the very apex of the 
cell which early in the absorptive process appear to synthesize triglyceride more active- 
ly than microsomes isolated by conventional sedimentation techniques from the whole 
intestinal cell. 
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