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SUMMARY 
Following the administration of 2 ml of C'klabeled oleic acid to rats by stomach tube, 

osmiophilic droplets and particles, from 10 to 300 mp in diameter, were demonstrated in the 
intestinal lumen. The smaller droplets of fatty acid were frequently found between the 
microvilli of intestinal epithelial cells and were of the same size range as has been proposed for 
lipid micelles (10 mp). The radiochemical examination of the lumen contents revealed that 
the activity was still present in free fatty acids. Larger osmiophilic droplets, averaging 150 
mp in diameter, were found in cytoplasmic vesicles within the epithelial cells. 

These findings suggest that electron microscopic visualization of lipid droplets cannot 
distinguish between fatty acid and mono-, di-, and triglycerides. Therefore, conclusions on 
the nature of osmiophilic lipid droplets in intestinal absorption must be based upon a correla- 
tion with biochemical findings. 

Chemical and radiochemical findings in the absorption of fatty acid indicate that the fatty 
acid enters the chyle primarily as triglyceride, that the triglyceride content of the intestinal 
wall is increased, and that there is a significant transfer of the CI4 label from fatty acid to 
triglyceride at some stage during absorption. These observations mean that at least some 
of the osmiophilic droplets seen with electron microscopy in the intestinal epithelial cells 
in fatty acid absorption must be triglycerides. The relationship of these findings to the 
synthesis of triglyceride from fatty acids during internalization and transcellular passage is 
discussed. 

A l t h o u g h  some of the aspects of lipid absorptioii 
have recently been clarified by biochemical and electron 
microscopic studies, several facets of this problem 
remain unsolved. I n  some respects, the biochemical 
and electron microscopic findings appear to conflict. 
The acme of these conflicting observations is expressed 
in the two prevalent concepts of the mechanism of 
internalization of lipid in the absorptive epithelial cells. 
The work of Baker (l), Hewitt (2), and Palay and 
Karlin (3), based upon morphological studies of the 
process of lipid absorption, have stressed the uptake of 
lipid droplets by pinocytosis. Biochemical studies 
(4), on the other hand, have tended to favor the molec- 
ular uptake of fatty acid and the lower glycerides. 
More recently (5),  it has also been proposed that lipid 
is taken up as micelles during intestinal absorption, 
presumably by pinocytosis. 

* This study waa supported by PHS Grants H-5120 and AM- 
3108-04 from the National Institutes of Health, U. s. Public 
Health Service. 

It is well established that some degree of hydrolysis 
of triglyceride occurs (6) in the intestinal lumen prior 
to absorption, and that, in the intestinal epithelial cell, 
triglyceride (7) and phospholipid (8) are synthesized. 
This has been substantiated by more recent biochemical 
studies of intestinal cell homogenates (9, lo), of everted 
intestine sac (l l) ,  and of thoracic duct lymph (12) 
during fat absorption. On the other hand, electron 
microscopic studies give no indication of such a trans- 
formation of the absorbed product. Instead, lipid 
droplets visible in the cytoplasmic vesicles resemble one 
another a t  all levels in the cells, and they resemble 
droplets of lipid found in the intestinal lumen and in the 
lymphatics of the intestinal wall. 

In  order to obtain a closer correlation between the 
morphological and chemical findings, it was proposed 
to carry out a combined electron microscopic and bio- 
chemical study of the intestinal absorption of fatty 
acid, the hydrolytic product of triglyceride cleavage. 
The resulting evidence was compared with that obtained 
when triglyceride was administered. 
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T H E  INTESTINAL ABSORPTION OF FATTY ACID 455 

The direct intestinal absorption of fatty acid has been 
amply demonstrated in both the everted intestinal sac 
(11) and in the intact animal (12). Previous studies 
have shown that administered fatty acid is almost 
completely converted to triglyceride, in which form it 
appears in the chyle of the intact animal (13). Fatty 
acid has also been found to be largely converted to 
triglyceride in the serosal fluid of the everted sac (11, 
14). 

METHOD 

Adult male rats of the Sprague-Dawley strain, 
weighing about 250 g, were used. In  the first group of 
six animals, fasted for 24 hr, 2 ml of oleic acid was 
administered by stomach tube under light ether anes- 
thesia. Two fasting control animals were also lightly 
anesthetized, but did not receive oleic acid. Small 
blocks of tissue were obtained from the upper, middle, 
and lower jejunum for histological and electron micro- 
scopic study a t  30, 60, and 180 min after administration 
of the oleic acid. Blood was obtained from the aorta 
of each of these animals for determinations of triglyc- 
eride (15), phospholipid (16), cholesterol (17), fatty 
acid (18), and total lipids. 

In  the second group, ten animals were fasted 24 hr 
and then given 2 ml of C14-labeled oleic acid in order to 
follow isotopically the metabolic fate of the fatty acid. 
Six of these were studied a t  30 min and four a t  60 min 
following the administration of fatty acid. Gut wall 
samples for radiochemical analyses were obtained from 
the same areas from which samples were taken for 
electron microscopy. Lumen contents were also ana- 
lyzed in some experiments. Extracts of the gut wall 
segments and of the lumen contents were fractionated, 
and different lipid components containing activity 
were identified. 

Segments of jejunum were obtained from the four 
animals of the preceding group, killed after 60 min, 
for quantitative determination of triglyceride and 
fatty acid. An additional four animals were studied 
3 hr after oleic acid administration, and two fasting 
animals were similarly studied as controls. 

In  all cases, the jejunal segments were first carefully 
rinsed with saline to remove as much of the unabsorbed 
oleic acid as possible. Specimens were also obtained 
from each of the 24 animals of the preceding groups for 
histological and electron microscopic study. 

Isolation and separation of the individual lipid 
components for radioactive assay were carried out on 
these jejunal segments by extraction with choloroform- 
methanol 2 : 1 followed by thin-layer chromatography 
(19) and liquid scintillation counting (20). This 

resulted in the distinct separation of fatty acids and 
mono-, di-, and triglycerides. Fatty acids and tri- 
glyceride fractions were also quantitatively determined 
on the extracts. 

Tissue for electron microscopy was fixed in 1Q/n 
osmium tetroxide, buffered to pH 7.2 with veronal. 
It was dehydrated in graded alcohols and embedded in 
butyl-methyl methacrylate. Sections were studied 
with an RCA EMU-3 microscope. Histologic sections 
were obtained from carbowax embedded tissue and were 
stained for fat, using Sudan black B. 

RESULTS 

Fat  stains of the jejunal mucosa studied with light 
microscopy disclosed a faint but definite increase in 
diffuse staining of the cytoplasm of epithelial cells in 
the tips of the villi. Distinct droplets could not, how- 
ever, be recognized with this method. 

In  all experiments, electron microscopy regularly 
showed evidence of lipid absorption, consisting of 
variable-sized droplets of osmiophilic material within 
cytoplasmic vesicles of the absorptive cells (Figs. 1, 2, 
and 3). As others (21) have observed during uptake of 
triglyceride by the intestinal epithelial cell, those cells 
in the tips of the intestinal villi participated most 
actively in this visible phase of absorption. The 
epithelial cells a t  the base of the villi and those in the 
crypts of Lieberkuhn were always free from lipid 
droplets. In  fasting animals, except for rare small 
dense particles about 10-50 m p  in size, the cytoplasmic 
vesicles were empty. 

After the administration of fatty acid, the intestinal 
lumen contained many minute, rounded, osmium- 
stained droplets, forming a continuous spectrum of 
sizes from 10 to 300 mp (Fig. 4). The smaller ones (di- 
ameter 10-40 mp) were frequently observed in the spaces 
between the microvilli (Fig. 5 ) .  The smallest particles 
in the lumen became indistinguishable from nonde- 
script, electron dense particles, which may be seen in 
the intestinal lumen contents in the fasting animal. 
Comparison of the intestinal epithelial cells of fasting 
animals with those of animals absorbing fatty acid 
revealed no difference in the number or appearance of 
minute infoldings of the intermicrovillous membrane. 
The infoldings averaged one per 20 microvilli in fasting 
and absorbing states and could be traced into and across 
the terminal web as extremely narrow channels when 
seen in longitudinal or oblique section. They appeared 
as minute round or oval vesicles about 70 mp in diameter 
when they were transversely sectioned (Fig. 6). The 
cytoplasm immediately beneath the terminal web 
contained numerous larger vesicles. These were of 
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F i t . .  I .  1;ki . t  r m  iiii(mtKr:ipli (IC i i i t ~ ~ s t ~ i i : i I  q i i t  I i ( ~ l i i i i i i  :{I) r i i i n  

after fatty :wit1 :i~Iiiii~iistr:iti~iii. l'ortioiis I I I  t n o  :it)sorptive 
epithc4i:il rclls :ind oiic i i i i i r ~ i i ~  rell ( \ IC)  :iris shown. 1 1 1  the 
c*ytopl:inni 1wnr:itli thr tcriiiin:il wc.1) (T) :ire scwi  vesirlcs (\*), 
niriny t r f  w1iii-h rcint:iiri sriirill trsinioptiilic. tlrc~plets d i o i i t  1(w)  nip 
in tlinnictcr. 13:ircIy visilde Iwtwcrn ttir iiiirrovilli ( > I \ - )  are 
minute, slight Iy tlensr p:irtirlre of  15-:{0 nip size. \l:ignifie:ition 
X I 0 , I K K ) .  ri.tlrrrrcl .-fi)' , . 
fairly uiiiforiii size, averaging almit 250 nip i i i  diaiiictcr. 
Cont iiiuity could orcasioiinlly 1)e wen lwtweeii thew 
larger vesicles aiid tlic siii:illcr iwiii1)raiic rxtciisions iii 

the tcriiiiiiiil ~ 4 ) .  The larger cytoplasmic vesicles 
were as iiwiicroiis in fastiiig aiiiiiials as iii  tliow actively 
ahsorliiig fatty acid. 111 hoth iiistaiices, tlie iiiciii- 

1)raiies of tho vesicles iicar tlic tcrmiiial \vel) ivcrc 
smooth; deeper i i i  tlic cell, ri1)osonics \vcre present o i i  

the exterior o f  similar appcariiig vcsiclcs. l'lic vesicles 
in the fasting :iiiiiiial coiitaiiiccl oiily rare aiitl very 
sinall osmiophilic part iclcs. Ihiriiig tlic process o f  
fatty acid al)sorptioii, Iio~vever, tlic majority o f  tlw 
cytoplasmic vesicles cotitai~ictl distinct droplets of the 
osmiophilic material. Thew rcwmblcd tlic osmio- 
philic droplets we11 iii rats a1)w)rhiiig corii oil  (3, 22). 
except that, tliiriiig fatty acid alwoiptioii, the droplets 
tcntlcd to 1)c smaller and iiiore uiiiforni iii size. T l i ~  
droplets were nearly uiiiforiii in  size i i i  cliffcreiit portioiis 
o f  tlic cell, avcrapiiig ahout 150 nip. 

Clusters o f  osiniopliilic lipid droplets were alsci 
ol~wrvrtl i n  tlic iiitcrcclliilar spaces (Fig. 7). Tlicsc~ 
spaces ivcre often tlilatcd aiitl \vere oiily partly filled 
with tlic lipid droplets. Siiiiilarly, lipid particles 
partiallv filled lake-like areas lwtivecii the ahsorptivc 
epitliclinl cells aiid the adjaceiit lmwmeiit iiieinI)raiie. 
The interstices o f  t lie lamiiia propria w r c  also ~videned 
aiitl coiitaiiiccl iiiiiiierow lipid droplets. 11aiiy of the 
Iyiiipliatic cliaiiiiels of tlic Iamiiia propria contained 

1 2 1 ~ .  2. IClrctron iiiirrogrnpli o f  portions o f  t H'O :ibsiirptivc 
epitliclinl rclls clririiig f:ttty nc.itl :il)sorption. The iiiirrcrvilli 
( \ I \ . )  :ire cut slightly t:ingentinlly. A few pinorytotir nienit)rane 
in(-lrrsiona nrc present ( S  ). Iipid droplets, niemiring iip to 100 
nip in sirr, :ire present i n  vesicles (V) of  thr eytopl:isni Iiciient t i  the 
trrmind wel) ('1'). >I:ignifir:ition X IS,IMW). 

siiiiil:ir osiniopliilic droplets nicasiiriiip ~OO-XOO nip 

(Fig. 8 ) .  
1)rteriiiiinitioiis o f  .c;priiiii lipids revcalrti aii iiicrcaw 

ii i  total lipid niid triglyceride at 1 ant1 3 hr after tlir 
ndniiiiistr:itioii o f  oleic :icid hy 5toiii:icIi tiihc (T:il)le I ) .  

I.'I(;. 3. lligtior iii:ignific:ttioii Ili p11rti4111 4d' q ' i t  t i i , i i : i l  u . 1 1  (l i ir i i ig 

f:it ty :wid :tl)sorption. ' I l i i !  cytopI:isinic* vesivlw I~ \' I :ivvr:ipv 
nlioiit. 2.50 nip i n  tlinmetcr, :mi  they contain lipid droplets : i h i i i t  

100 nip i n  tli:ini. Iti1)csoriies nre prcsc*nt on the oiitrr siir- 
f:irc o f  ROIIIC o f  the vesicles (1). \lit~~liondri:i ( \ I )  nre :iIso t i l +  

srrvecl. >lngnilir:ition x 40,OCn). 
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I . ' i i . .  I. l ~ : I i ~ ~ ~ r c ~ i i  i i l i (~r<~xr : t l l l l  oi I ) c r i i l n i l  ( , I .  IIIIII(.II :11111 :itlj:tv+,ilt, 
t i l ) $  o f  iiii(~ra~vilii ( > I \ '  I I l i  ?i11:111 i i i tvst i i1: t I  q ) i t  Iwliiiiii : i t )  i i l i i i  :Iitcbr 
f:itty :ic.icl :i(liiiiIiistr:iti(lIi. S o i i i c t  i d  t l i c  I i i i i i ( ~ i i  co i i tr i i tx  :irr 
prrsrnt, ront:iiiiing lipitl clroplrtw ( I , )  :ind p:irtidcs iiiivsiiriiig 
lO-~:W) nip. Sone (if t l i r  lipid tlroplrta are srrn Iwt\vrrii  t l i v  
inirrovilli in this :irr:i. >I:ignificuntion X 25,OIH). 

(hie hour after tlw ntliiiitiist,ratioii o f  fatty :wid, the 
triglyccritlc cotitciit o f  the l)o~vcl ~ v a l l  w i s  iiicrcased 
over that o f  iioriiinl coiitrol.;, aiid the fatty acid coittciit 
was also increased. .\t :{ Iir, these had rcturtietl to  ticar 
110r111a1 levels ("ahlc 2). 

111 Tahle 3 is slio~vii tlic distrihuthi of tlic 1:iI)cl aiiioiig 

t l i c  fatty acid and glyceride fract.ioiis isolated froiii 

wgtneiits of the iiitestitiiil wall aiid liinieii coiiteiits nt, 
30 n i i t l  60 iiiiii nftcr the administration of Ci4-olcic acid. 
11 sigiiificaiit, portioii o f  the label was presetit iii  tri- 
glyccvide obtaiiictl fro in  tlie iiitcst,iiial ivall at the two 
t iinc periods studied, I)riiig greater at, :30 tliaii 60 tiiiii. 

So coiiclusivc cvidciicc o f  significant coiivcrnioii o f  tlic 
Id)c~lctl fatty acid i i t t o  glyceride wrs fortiid iii tlic iii- 

testiii:il luincii coitteiits under these coiitlitioiis, as is 
s l i o w i  by the iii:ijor porthii of tlic radioactivity rc- 
inaitiiiig i i i  tho fatty acid fraction. 111 additioti, i i o  

npprccinblc activity \vas fouiid iii  the iiwiioglyccridc 

J . . i i , .  .i. ('oniptlsitv o f  tlirre clc-c.troii i i i i ~ ~ ~ ~ ~ r : t ~ ~ I i s  o f  i i i t c s t i i i : i l  

rpitticlitiin tliiring f:itty :icitl nltsorption. S;c~vc~r:il smnll motlrr- 
ntely drnse particles (1') nliorit 1+10 mp size :irr sccn I)et\vccn the 
inicrovilli. 'l'tiesr nre Iwlievcd to rrprrscnt niirrllrs o f  f:itty 
:wid. 1lngnifir:ition x 40,000. 

l,'i(,. li. 1 ~ ~ l ~ ~ t r 1 1 i i  1 1 1 i ~ ~ r o ~ r : i ~ ~ 1 1  ad 1)iirtiain t l i  i i i t v s t i i i : t l  c . l , i l  l i ( , I i : ~ l  
wlls tlririiig f:itty :ic.itl :il)sor1)tioii At (1') :irr s t w i  ~)iii~wytiitie 
rrll nieinl)r:iric inrliiwioiis; in the teriniii:il wrl) ('I.), sevcr:il 
niiiiritc nicniI)r:ine profile- nI)out, 50-i0 mfi in t1i:irnctrr ( S )  nre 
seen. h r g e r  cyt opl:isnric vrsirles ( \ * )  :ire :itso present :it tleeper 
lrvels in t h r  rell, soiiw o f  whirli ront:iin lipid droplctn. 1I:tgnific.n- 
tion x .lO,OO0. 

fraction isolated froin either tlic iiitestiiial ~vall or 
Irltncll contciits. 

I~lscussIos 

These observations confirm tlic 1)iocIietiiicnl studies 
alrcndy cited, wliicli iiidicate tlic direct iiitestiiial 
a1)sorptioii o f  fatty acid, its wiiversioti to  triglpceridc! in 
tlic iiitwtiiial cpitheliuiii, mid the release of triglyceride 
cliylotiiicroits i i i t o  tlic iittcstiiial lymphatics. Thc 
amount, of trniisforiiiatioti o f  fatty acid to triglyceride 
hy tlic iiitcstiiial rpitlicliiiin may not he ciit irely rc- 
flcctecl by o i i r  studies, l)ccmiw aiiy rcsidiial fatty acid 
oil tlic sitrfaro o f  the inricoszd cpitlielium would dc- 
crease tlic npparciit t,raiisfcr to glyceritlrs. Alt,liougli 
tlic iiitcstiiial miicosn was riiiwd lwforc! extraction, it 
is likely that the fiiic layer o f  tiiiiciis o i i  the siirfacc, 
which in preseiit i i i  the rat. rctaiticd s m w  of the iin- 

v .  I :\131,1': 1. :\VERAGE SEltl'M ~ ~ I l * l l )  \-.Al.t.ES : \ tTElt  ; \ I~> i lS lS ln .A-  

1'10s OF I" >!I. OF Ol ,EI ( '  :\('ll, RY STO\i.A('li T1-11E 
-~~~ - ~. - ~-~ _ _ ~ _ ~  -I ~~ ~ - -  - 

Timc ;\ftrr 'l.ol:tl 
Administ r:itioii So. of Prrriiii Srrriiii 
of I::it.ty :\cicl ;\nini:iln 1,ipid I riglywritle ,. . 

m g / l C X )  I l l  l l l f J / l ~  nl 
Fmting 2.1 hr 2 313 6.2 

30 niin I" 3-34 113 
1 l ir I" -Mi0 2.1s 
3 hr I" -140 " I "  
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1 1 1 ,  7 I 1 1 . 1  t r ( , i i  iiiii rlbKr 1 1 1 1 1  OI  1 1  1. 1 1  l i t n r i i ~ t i i .  0 1 1  i i i ~ v s t i i i  1 1  q i i t 1 1 1 . -  

11:iI c.(*ll* (I i ir i i ig  t : i t t>  ;ic.iiI : i l ) s i q ) t i i l i i ,  >litii\iiiK i 1 i t e r c d l i i l : i r  I:iho- 
likc ~ p : i c . ( a q  ( 1,) f i l l ( v 1  n i t 1 1  (fiiiiiiipliilic. clrtqilvts i i i w w r i i i g  i i p  to 
100 nip. l'lic Ii:isciiirnt iii(wiI)r:inc (1%)  IS slio\vn. 1l:iKtiificn- 

tion X IS,(MM). 

iiI)wrhed fatty acids. 111 +te o f  this, tlic. t1ciiioiistr:t- osiiiiopliilic droplet?;. Tlic droplets were iudistiii- 
tioii of :il)out 4OC,b o f  tlic isotope Iahd in glyccridr gtiisliiihlc fro in  triglyceritlc droplets wen in the in- 
fractioiisnftrr:30 niin aiitl about :Myo a t  1 Iir, iii atlditioii tcstiiial Iriincii during the absorption o f  corn oil (3, TL), 
t o  very low radioactivity i i i  g lyctdcs  in the lunicii :iiicl they appear to he identical with lipid droplets i i i  

conteiits, iiidicateq that fatty : i d  was heiiig coiivcrtcd tho  Iyinpliatic veswls, which also are kiiown to be 
to glyceride in the iiitcstiiial cpitliclial cells. Tlic ri.w niniiily triglyceride. It is cvidciit that, at wine stage 
in swum triglyccritlc at 1 aiid :3 lir after tlic adminis- hctweeii tlic uptake o f  fatty acid hy the intestiiic 
tration of oleic acid coiiforiiis wit Ii prcvioiis oh.vrva- epit licliiiiii aiitl the tlclivery of triglyceride chylomicrons 
tioiis (13). t o  the Iyiiiplintics, conversion o f  fatty acid to triglyc- 

While it is possible to tlciiioiistrato with electroil cridc?: takrs place. .\t what level in tlic cell, or at 
microscopy the uptake of  osmiophilic lipid by the what stage in the transport o f  the ahsnrhcd fatty acid, 
intcstiiial cpitheliuin aiid the prcwiicc o f  lipid clroplrts this procws occurs canriot he tleterniiiicd hy electron 
in tlir cytoplasmic vesicles of the iiitcstiiinl epithelium iiiicroscopy. I t  could occiir at the time the fatty acid 
during fatty acid nbwptioii, it is cvideiit that the particle or micelle is iiitcrnalizcd a t  the intcrmicrovil- 
clicmical nature of tlic osmiophilic droplets within the h i s  space, ritlicr hy pinocytosis or transport across an 
cytoplasmic vrsiclcs is not revealed by this method o f  iiitact cell mcnihranc. The unit memhrane here is 
study. The intestinal lumen in  tlirw experiments kiio\vii to  I)c c~ido~vctl with n high coiiccntration of  
contained fatty acid in cmulsifictl and possihly in .\TI'-ut iliziiig ciizynic systems (2:<) mid other plios- 
micellar form, which was viqihlc as iiiinicroiis round Thew could coiit rihutc. 

I ' I ( ,  \ I I w t r o i i  : i i i ( ~ ~ i ~ r . i ~ ~ t i  I I I  I : I I I I I I I : L  1iropri:i . i t  i Iir :iFtrr :id- 
iiiiiiistriitiim of  f:itty :ic.itl. 1,ipid tlrcipl(.tn ( I , )  :ire prcscnt in tlir 
iiitrrstiti:il sp:ic.w, :itit1 n~ i i : i l l  c.liyloriric.rc~ii.r ( C )  iiir:isiirinp 111' t o  
L'OO nip :ire SWII  i n  thc liiiiicri o f  :I lyii ipli~itic.  c.h:iiiiic.l. 1lngiiif i-  

(*:ition X 1 I,(HK). 

pliorylytic ciizynies (24, 25). 
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T H E  IXTESTIKAL ABSORPTIOX OF FATTY ACID 459 

TABLE 2. AMOUNTS OF F.ATTY ACID A N D  TRIGLYCERIDE RECOVERED FROM RINSED WHOLE GUT HOMOGENATES AFTER ADMIKISTRA- 
TION OF 2 MI, OF OLEIC ACID BY STOMACH TUBE 

Fatty Acid Triglyceride 
Time After Administration No. of 

of Oleic Acid Animals Average Range Average Range 

m g / l O O  g n1g/100 g 

Fasting controls 2 458 447-470 187 183-191 
1 hr 4 1,557 1,247-1,846 653 374-925 
3 hr 4 796 69Y-YS 1 13s 92-20s 

to biosynthetic mechanisms. On the other hand, the 
morphologic observations reported here on fatty acid 
absorption are also compatible with the synthesis of 
triglyceride and phospholipid within the cytoplasmic 
vesicles, while they are in transit across the intestinal 
epithelial cell. 

The size distribution of the lipid droplets within the 
intestinal lumen are of interest in regard to Hofmaiin 
and Borgstrom's (5) studies on the nature of lipid 
within the intestinal lumen. These investigators 
showed that, during the digestion and absorption of 
triglycerides, the resulting monoglycerides and fatty 
acids, in the presence of bile salts, are reduced to a 
micellar solution in the intestinal lumen. They pro- 
posed that it isin this form, as micelles approximately 100 
A in size, that cellular uptake of lipid may occur. Our 
observations with electron microscopy lend support to 
this proposal in that they show lipid droplets in the 
lumen up to 3,000 A diam, with a regular gradation 
downward in size to particles of about 100 A. These 
smallest particles are actually below the limit of certain 
identification since other nondescript particles of 
similar size can be seen in the intestinal lumen. Iiever- 
theless, the appearance of such minute particles be- 
tween the microvilli during fatty acid absorption 
suggests that they may be the lipid micelles, which are 
in position for internalization. 

The question of the mechanism of internalization of 
absorbed lipid has been a difficult one to solve and still 
remains unanswered. Although lipid droplets of small 
size have been seen in the lumen and in the cytoplasmic 

vesicles in the cytoplasm below the terminal web, the 
actual process of pinocytotic uptake of droplets of 
similar size probably has not been observed. The 
demonstration of the ability of the intestinal epithelial 
cell to take up various particles (26-28), even as large 
as 2,600 8, has not resolved this problem, because the 
degree to which the intestinal absorptive cells normally 
carry out this type of pinocytotic uptake has not been 
shown. 

Membrane infoldings from the intermicrovillous 
spaces have been described by several observers (3, 26- 
28), but these have always been noted to be rather 
sparse. The degree to  which this process contributes 
to the internalization of lipid material may therefore 
be questioned. Study of numerous micrographs of 
intestinal epithelium of the rat in the fasting state and 
during fatty acid absorption in our material has revealed 
that the necks of pinocytotic membrane inclusions can 
be seen on the average of about one for every 20 mi- 
crovilli in both fasting and absorbing animals. This 
could indicate either (a) that pinocytotic inclusions are 
unrelated to absorption, (b) that they continue to form, 
even during fasting, or (c) that the rate of formation of 
pinocytosis inclusions varies in the fasting and ab- 
sorptive states. The calculations of Palay and Karlin 
(3), and some we have made based on the frequency and 
size of pinocytotic membrane inclusions in the intes- 
tinal samples of our material, suggest that this process 
could contribute significantly and quantitatively to 
lipid internalization. But this would require a certain 
rate of formation of pinocytosis vesicles and trans- 

TABLE 3. PERCENTAGE nISTRIBUTION OF C" RECOVERED IN DIFFERENT LIPID COMPONENTS I N  INTESTINE AFTER ADMINlSTRATION 

OF LABELED OLEIC ACID 
.- ._ 

Time After 

Percentage Distribution of Recovered CI4 in 1,ipid Fractions Administration of 
C"-Labeled Source of No. of 
Oleic Acid Material Analyzed Animals Fatty Acid Monoglyceride Diglyceride Triglyceride 

~ _ _ _ _  

30 min Lumen contents 6 86 0 4 3 
Entire gut wall 6 58 4 5 3 0 

60 min Lumen contents 2 76 0 3 10 
Entire gut wall 4 56 4 4 21 
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cellular movement, and this remains indeterminate. 
The final answer to this problem is plainly yet to be 
deter mined. 

If it is assumed that fatty acid is taken into the cells 
by means of cell membrane infolding, the question of 
the mechanism of triglyceride synthesis and of mem- 
brane elaboratiou around osmiophilic droplets deeper 
in the cytoplasm might be considered. The continual 
formation of transport vesicles would seem to require a 
plentiful supply of cytomembranes according to the 
proposal of Bennett (29). As fatty acid is internalized 
and then transported deeper into the cell, it is ap- 
parently converted to triglyceride since the radio- 
chemical studies show the labeled fatty acid to be 
present in triglyceride of the intestinal wall. This 
presumably occurs through the phosphatidic acid 
pathway (30, 31 ) .  Such a biochemical mechanism 
would also provide intermediates for the biosynthesis 
of phospholipid, which seems to be manifcsted by the 
abundant elaboration of visible vesicular membranes 
known to be composed in part of phospholipid. Si- 
multaneously, as in the scheme proposed by Kennedy, 
the fatty acid may be converted, within the newly 
formed phospholipid membrane, into the di- and tri- 
glycerides and ultimately almost entirely into the 
latter. 

Mrs. F. Liggett, Mrs. F. Wrightsman, and Mrs. V. 
Buttram gave valuable assistance in the study in the 
biochemical procedures, and Mr. R. Sumida provided 
assistance in the electron microscopic work. 
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