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Abstract Since the small  intestine  contributes  signifi- 
cantly to  serum  cholesterol  and very  low  density  lipo- 
protein  levels,  acute  regulation of  lipid  synthesis was 
investigated in isolated  rat  intestinal cells incubated in 
Krebs-Ringer  bicarbonate  buffer with 5 mM glucose  and 
[I4C]acetate  or 3 H z 0 .  Incorporation of  [I4C]acetate  into 
cellular  lipids was 6- to  8-fold greater in crypt  than in villus 
cells. In both  cell  types  the distribution of 14C among  the 
various  lipid  classes was as follows:  52.5% in triglycerides, 
diglycerides,  and  monoglycerides;  22.3% in cholesterol; 
8.3% in cholesteryl  esters;  1.9% in fatty  acids;  and  15.0% 
in phospholipids. In contrast,  the  medium  lipids  contained 
significantly  higher amounts of tri-, di-  and  monoglycerides 
(61.1%) and  lower amounts of cholesteryl  esters (2.3%) 
and  phospholipids ( 1  1.9%). After  saponification, */3 of 
the  recovered 3 H z 0  was in fatty  acids and l/3 in cholesterol. 
Ethanol  (10 mM) tripled 3 H z 0  incorporation  into  cellular 
lipids  but  had  no  effect  on  [14C]acetate  incorporation. 
Epinephrine  and norepinephrine (10 pM) ,  glucagon  (10 
pM) ,  dibutyryl cyclic AMP (1 mM), dexamethasone (1 mM 
and 1 p M ) ,  and  cholera toxin (1 pg/ml) did  not  affect 
[I4C]acetate  incorporation. We conclude  that  ethanol stimu- 
lates  intestinal  lipid  synthesis;  however, in sharp contrast 
to their  inhibition of  lipid  synthesis in hepatocytes  and 
adipocytes,  catecholamines,  glucagon,  and  dibutyryl cyclic 
AMP do not inhibit  lipid synthesis in  intestinal  cells. 

Supplementary key words cholesterol * triglycerides  phos- 
pholipids e villus and  crypt cells * hormones e cyclic AMP 

Liver,  adipose  tissue, and small intestine are  the 
major  contributors  to  the  lipids  and  lipoproteins  in 
the circulation. The liver is the most important site 
for  the synthesis of  cholesterol,  fatty acids, and  serum 
lipoproteins.  Adipose tissue provides free fatty acids, 
a  major  energy  source  in  the  fasting  state  and  a  pre- 
cursor of  hepatic  triglycerides  secreted  in very low 
density  lipoproteins. In these two tissues considerable 
attention  has  been  focused on  the regulation  of lipid 
synthesis by pituitary  hormones,  thyroxine,  insulin, 
sex hormones,  glucagon, and cyclic AMP (1-6). 

Although  the  intestine is the sole extrahepatic site 
of  plasma  lipoprotein  synthesis and second only to 
the liver in cholesterol synthesis (7, 8), little is known 
about  the  regulation of  intestinal  lipid synthesis. 
Significant advances  have  resulted from  the use of 
isolated hepatocytes and adipocytes for  studies of 

lipid synthesis (5, 9, 10); however, most of the limited 
studies on intestinal  lipid synthesis have  employed 
slices or segments of intestine (8, 11 - 13). The few 
investigators  using isolated intestinal  epithelial cells 
have prepared cells by a  scraping  technique (14) or 
by enzyme treatment  (15- 17). Weiser (18) has recently 
described the isolation of  ultrastructurally  intact 
intestinal cells by a  method  that  does  not involve the 
use of  enzymes. 

The main purpose of the  present  study was to inves- 
tigate the suitability of isolated intestinal cells, pre- 
pared by Weiser’s technique  (18),  for studies of the 
acute  regulation  of lipid synthesis in the small intes- 
tine. We have  examined cell properties,  the  incorpora- 
tion of [14C]acetate and  3H20 into lipids, and  the 
effects  of  various hormones  and  ethanol on label 
incorporation as a  preliminary  step  toward  under- 
standing  the  regulation of lipid metabolism in rat 
small intestine by these  substances  (19). 

MATERIALS  AND  METHODS 

Materials 
Sodium [ l-14C]acetate (2.55  mCi/mmol) and  tritium- 

labeled water (100 mCi/g) were  purchased  from New 
England  Nuclear  (Boston, MA). Grade I sucrose, 
glucose oxidase,  dianisidine,  dithiothreitol,  epineph- 
rine,  norepinephrine,  p-nitrophenol,  and  p-nitro- 
phenylphosphate  were  obtained  from Sigma (St. 
Louis, MO). Horse radish  peroxidase,  grade D, was 
from  Worthington Chemicals (Freehold, NJ). Tetra- 
sodium salt of ethylene  diamine  tetraacetic acid 
(EDTA)  and  sodium acetate  were from J. T. Baker 
Chemicals (Phillipsburg, NJ). Dibutyryl 3’:5’cyclic 
AMP, monosodium  salt, and 3’:5’cyclic AMP were 
bought  from  Plenum Scientific Research,  Inc.  (Hack- 
ensack, NJ). Fatty acid-poor bovine albumin was ob- 
tained from Accurate  Chemical and Scientific Corp. 
(Hicksville, NY). Glucagon was a  gift from Dr. Otto 

Abbreviation: cyclic AMP, cyclic adenosine  3’:5’-monophos- 
phate. 
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K. Behrens, Eli Lilly Research Laboratories (Indian- 
apolis, IN). 

Preparation of intestinal cells 
Male Sprague-Dawley albino  rats,  fed  ad lib and 

weighing 175-250  g, were killed by cervical dis- 
location between 9 and 10 AM and  the  entire  length 
of  the small intestine was removed.  Isolated  intestinal 
cell preparations were made  according to the  method 
of Stern (20) as modified by Weiser (18).  This  method 
was changed slightly by using  phosphate-buffered 
saline with 1 mM dithiothreitol  for  the initial rinsing 
of the small intestine.  After  thoroughly washing the 
intestine with this solution, the intestine was filled 
for 15 min with a  phosphate  buffer  containing  citrate. 
After  discarding this solution, the intestine was filled 
for various periods of time with phosphate-buffered 
saline containing  EDTA and dithiothreitol as de- 
scribed by Weiser (18).  During  these washings care 
was taken to avoid overmanipulation of the  gut. By 
this method  nine  sequential  fractions of intestinal 
cells were obtained. Cells were subsequently washed 
by gently suspending  them in phosphate-buffered 
saline followed by centrifugation  at 900 g for 3 min 
in an  International Clinical centrifuge  (Model  CL). 
Subsequently the cells were either  resuspended in 
phosphate-buffered saline for enzyme analysis or in 
Krebs-Ringer bicarbonate  buffer for those experi- 
ments involving lipid synthesis. Cell fractions were 
pooled for  studies of cellular lipid synthesis. Cell 
fractions  1,  2, and 3 were mixed together  to  examine 
upper villus  cell function. Fractions 5, 6,  and 7 were 
pooled as middle villus  cells and fraction  9 was used 
for crypt cell activity. The cells were counted in a 
hemocytometer and cell  viability was determined by 
exclusion of Nigrosin dye  (21). Only those cells that 
excluded  the  dye were included in the cell counts 
for each incubation flask. 

Enzyme analysis. Villus  cells were distinguished from 
crypt cells by measuring  the activities of alkaline 
phosphatase  and sucrase. Both alkaline phosphatase 
and sucrase activities were assayed after  disrupting 
the cells  in a  sonifier cell disruptor  for 0.5 min at an 
output control of 3  (Model  W 185 D-Heat Systems, 
Ultrasonics, Inc., Plainview, NY). The completeness 
of  cell disruption was evaluated by microscopic exami- 
nation of the cell suspension. The  disrupted cell sus- 
pension was subsequently  centrifuged  at 2000g  for 
10 min at 4°C in an  International Clinical centrifuge. 
The  supernatant fluid was used for  protein  deter- 
mination by the  method of  Lowry et al. (22) and  for 
enzyme assays. Sucrase activity was assayed by the 
method of Dahlqvist (23). Alkaline phosphatase was 

measured using p-nitrophenylphosphate as substrate 
as described by Weiser (18). 

Incubation  conditions. In most experiments  sodium 
[14C]acetate (3 pCi/flask) incorporation was used to 
determine  the  rate of cellular lipid synthesis. An  ali- 
quot (0.6 ml) of suspended cells was added to 2.4 ml 
of Krebs-Ringer bicarbonate buffer, previously gassed 
for 10  min  with 95% O2 and  5%  COP, to give a final 
concentration of 0.93- 1.3 X lo6 cells/ml  of incubation 
medium.  In  experiments  that used 3 H , 0  to study cel- 
lular lipid synthesis, 0.5 ml  of the cell suspension was 
added to 1 ml of Krebs-Ringer bicarbonate  buffer 
containing 0.5 mCi of 3 H P 0  to give a final 
cell concentration of 1.8-2.6 X lo6 cells/ml. Jncuba- 
tions were carried  out  at 37°C in 25-ml plastic 
Erlenmeyer flasks  with silicone stoppers in a water 
bath  shaker  at 125 oscillations/min. At the  end of the 
incubation  period  the flasks were placed on ice and 
0.2 ml of unlabeled 10% sodium  acetate was added 
to each flask  in experiments  where [14C]acetate was 
employed. Cells were separated  from  the  medium by 
centrifugation at 2000 g for 10 min at 4°C. The incuba- 
tion medium was carefully separated  and  dried in a 
lyophilizer (Virtis, Gardner, NY). Labeled lipids from 
both cells and lyophilized medium were extracted 
with chloroform-methanol 2:l (v/v) by the  method 
of Folch, Lees, and Sloane Stanley (24). Extraction 
of labeled lipids from cells by this method was at least 
96% complete as determined by re-extraction of  the 
cellular residues with chloroform-methanol.  A meas- 
ured aliquot of the lower phase  containing labeled 
lipids was transferred to counting vials, gently dried 
on a  hot  plate, dissolved in 10 ml of scintillation fluid 
(complete L.S.C.; Yorktown Research,  South  Hacken- 
sack, NJ), and  counted in a Beckman LS 133 model 
scintillation spectrometer. The efficiency of this in- 
strument was 58%  for 14C and  54%  for tritium. 

Digitonin preparation 
Digitonides were prepared by a modification of 

the  method of Crawford  (25). Aliquots of dried lipid 
extract were dissolved in 1 ml  of a  mixture of absolute 
ethanol-diethyl ether  3:l in centrifuge  tubes. An 
equal volume of unlabeled  cholesterol  (0.4 g/lOO ml 
in the  same solvent) was added  and this was followed 
by the  addition of 2 ml of 1 % digitonin in 50% ethanol. 
After 15 min at  room  temperature  the tubes were 
centrifuged  at 2000 g for 10 min at 4°C. The pre- 
cipitates were subsequently washed and recentrifuged 
twice  with 1 ml of ethanol-diethyl ether 3: 1,  trans- 
ferred to a  counting vial in  1 ml  of ether,  dried  under 
air,  and  counted. Controls, done with the  addition 
of a known amount  of labeled cholesterol  to  carrier 
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TABLE 1. Changes in cell  viability and concentrations of alkaline phosphatase, glucose, and protein in the medium 
during incubation of intestinal cells 

Upper Villus  Cells" Crypt Cells' 

Time  (min) 0 30 60 120 240 0 30 60 120 240 

Cell  viability % 78-85 78-87 78-84 70-75 58-62  70-76 70-74 70-74 64-69 50-55 

Glucose (mg/dl) 

Protein (pg)  

100 94.8 95.2 93.9  88.5 100 97.7 94.3  91.9  84.3 
? 0.1 ? 0.8 ? 0.4 ~t 0.6 k 0.4 2 0.9 ? 1.2 ? 1.8 

22.1 23.3 24.8 25.1 26.7 18.4 19.8 20.7 21.6 22.7 
? 1.3 It 1.1 ? 0.8 ? 1 ? 1.3 0.5 k 0.9 ? 1.0 ~t 1.3 ? 0.7 

Medium alkaline phosphataseb 0.05 0.08 0.1 1 0.26 0.31 
? 0.01 ~t 0.03 ? 0.08 ? 0.04 ? 0.02 

Intracellular alkaline phosphatase 3.55 3.57 3.58 3.55 3.54 
? 0.2 0.6 ? 0.3 t 0.5 ? 0.8 

Except for cell  viability each value represents the mean? SEM  of three experiments done in duplicate. 
The values for alkaline phosphatase are expressed as units (1 unit of activity equals 1 pmol of p-nitrophenol per 15 min). 

Upper villus and crypt cells were incubated in a total volume of 3 ml at  a cell concentration of 0.93-1.3 X lo6 cells/ml (protein 
concentration 1.68-2.34 mg/3 ml) as described in Methods for  the indicated periods of time. Incubation buffer was separated 
from  the cells by centrifugation at 2000 g for 10 min. Intracellular alkaline phosphatase, assayed after sonification of  cells, and cell 
viability were determined as described in Methods. Glucose concentration was determined by the method of Huggett and Nixon (27). 
The activity  of alkaline phosphatase and  the concentration of medium  protein are expressed for 3 x lo6. 

cholesterol prior to  digitonin  addition, were tested 
to determine  the recovery of cholesterol label by this 
method. The recovery of cholesterol was in the  range 
of 86-92%. 

Cell  properties 
Upper villus  cells (fractions  1, 2, 3)  accounted for 

30-33% of the total cells isolated. Middle villus (frac- 
tions 5, 6, 7) and crypt  (fraction  9) cells contributed 
30-40% and 10-12% of the cell total, respectively. 
The  upper villus  cells were  distinguished from crypt 
cells by measuring  the activities of alkaline  phospha- 
tase and sucrase as we have reported previously (26). 
When  examined with Giemsa stain,  upper villus  cell 
preparations  contained  80%  epithelial cells, 15% 
lymphocyte-monocytes, and 5 %  naked nuclei. The 
crypt cell preparation consisted of 70%  epithelial cells, 
23%  lymphocyte-monocytes, and 7%  naked nuclei. 
When cell counts of upper villus, middle villus, or 
crypt cells were compared  prior to and  after incuba- 
tion for  periods  ranging  from 30 to 240 min,  there 
were no changes in cell number over the  entire  period. 
These findings  confirm the absence of cell  lysis during 
4 hr of incubation.  When  any of the  three cell types 
was incubated  in  Krebs-Ringer  bicarbonate  buffer, 
the  pH of the incubation buffer  did  not  change  during 
240 min of incubation.  Immediately after isolation 
about  85% of the cell preparation consisted of single 
cells; the  remainder were  present  in  clumps of 4-8 
cells. It was possible to count  the  clumped cells accu- 
rately when they were  in groups of 4-8.  During  the 
first 60 min of incubation the  degree of cell clumping 

did not  change.  However,  after 90 min of incubation 
25-28% of the cells were  present in clumps of 4-8 
cells; 30-34% and 35-37% of the cells were clumped 
after 120 and 240 min, respectively. The cells did 
not form clumps  larger  than 4-8 cells during 4 hr 
of incubation. 

Cell  viability and changes in glucose, protein,  and 
alkaline phosphatase in the  incubation  medium are 
given in Table 1. Initial cell  viability  was 78-85%  for 
upper villus  cells and 70-76%  for  crypt cells. How- 
ever, by the  end of 4 hr cell  viability had  fallen  to 
58-62%  and  50-55%  for  the  upper villus and crypt 
cells, respectively. After 4 hr of incubation  medium 
glucose concentrations  decreased by 11.5% with 
upper villus  cells and 15.7% with crypt cells. 

The protein  concentration in the incubation  buffer 
increased from 22.1 to 26.7 kg for  the  upper villus 
cells by the  end of 4 hr of incubation and  from 18.4 
to 22.7 pg for  the crypt cells. The medium  protein 
increased only from 1.2% of the  protein  content of 
upper villus  cells at zero  time  to 1.5% of  cell protein 
at  the  end of 4 hr. Medium proteins were 0.96% of 
the total  crypt cell protein  at  zero time and 1.1 % at 
4 hr. Although the mean  alkaline  phosphatase in the 
medium  increased by 0.26  units  after  4 hr of incuba- 
tion,  the  intracellular  concentration of alkaline phos- 
phatase did  not  change significantly during this period. 

Effects of incubation  media on acetate 
incorporation into lipids 

[14C]Acetate incorporation  into cellular lipids was 
compared in Krebs-Ringer  bicarbonate buffer with 
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TABLE 2. Effect of incubation media on [14C]acetate 
incorporation into cellular lipids 

Relative Incorporation" 

Buffer Additions Cells  Crypt  Cells 
Upper Villus 

Krebs-Ringer glucose (5.5 mM) 
bicarbonate glucose ( 1  1 .O mM) 
buffer sucrose (5.5 mM) 

sucrose ( 1  1.0 mM) 
glucose (5.5 mM) 

+ 1% albumin 
glucose (5.5 mM) 

+ 2% albumin 
glucose (5.5 mM) 

+ 3% albumin 
none 

Phosphate glucose (5.5 mM) 
buffered  none 
saline 

100 
% 

124.4 2 3.9 
75.1 2 3.1 
64.4 ? 3.0 
64.3 f 4.4 

70.9 f 6.6 

71.3 ? 5.6 

9.1 ? 1 . 1  

5.3 ? 1.0 
1.7 f 0.5 

% 
100 

129.1 ? 3.6 
74.0 f 2.7 
70.7  2.2 
64.5 2 2.2 

71.3 lr 5.6 

80.1 f 1.4 

12.3 ? 0.5 

5.9 ? 0.8 
2.3 & 0.5 

medium were essentially identical  in upper villus and 
crypt cells. 

Experiments  were also conducted  to  determine 
whether  the  addition of albumin  to  the  incubation 
buffer  changed  the release of labeled lipids into  the 
medium. When upper villus  cells were incubated in 
the  presence of 2% albumin, label in  medium lipids 
was reduced in a manner similar to that seen in the 
cellular lipids (data  not  shown). Table 3 shows the 
effects of adding increasing  concentrations of unla- 
beled acetate on  the  incorporation of acetate  into 
cellular lipids of crypts cells. When  medium  acetate 
concentration was doubled,  the  incorporation of 
acetate  into  cellular lipids increased by 72%; however, 
with a 9-fold increase in medium  acetate  concentra- 
tion,  incorporation  decreased by 20%. Similar results 
were obtained with upper villus  cells (data not  shown). 

Each value represents  the  mean ? SEM of three  experiments between cell number  and 
done in duplicate. cellular lipid synthesis 

in a total volume of 3 ml of Krebs-Ringer bicarbonate buffer As seen in Fig. 1 ,  cellular lipid synthesis was h e a r  
with 3 pCi of labeled acetate. The incorporation of labeled for  upper villus, middle villus, and crypt cells Over 
acetate into cellular lipids was determined as described in Methods. 

Upper villus and crypt cells (0.93-1.3 X I06/ml) were incubated 

a  concentration range of 0.5-8 x lo6 cells. 

varying concentrations of glucose, sucrose, and fatty 
acid-poor  albumin (Table 2). Acetate incorporation 
in Krebs-Ringer  bicarbonate buffer was about 25% 
greater with 1 1  mM glucose than with 5.5 mM glu- 
cose. With equimolar  concentrations of sucrose, cel- 
lular lipid synthesis decreased by about 30%. Addition 
of albumin (1-3%) produced  a similar reduction 
in labeled acetate  incorporation  into  cellular lipids. 
Cellular lipid synthesis was negligible when glucose 
and sucrose were omitted or Krebs-Ringer  bicarbon- 
ate  buffer was replaced with phosphate-buffered 
saline. Effects of these  changes in the  incubation 

TABLE 3. Effect of  adding  unlabeled acetate on the 
incorporation of ["Clacetate into cellular 

lipids of crypt cells 

Acetate 
CPM Incorporation" 

Medium  Acetate 
Concentrations Mean  Range  Mean  Range 

PM nmok 

1.2  23872 22600-25143  4.3  4.0-4.6 
2.4 20400 19800-21000 
3.6 10072 9200-10944 

7.4  7.2-7.6 
5.5  5.0-5.9 

6.0 4659  4518-4800  4.3  4.1-4.4 
10.8 1950 1800-2100 3.4  2.9-3.8 

a Each value represents the mean of two separate experiments. 
Incubation conditions  and  concentrations of cells were as 

described in Table 2 and in Methods. Increasing concentrations 
of unlabeled acetate were added to give the final indicated 
acetate concentrations. All  flasks contained 3.0 pCi o f  labeled 
acetate. 

Time  course of [ 14C]acetate incorporation 
into lipids (Fig. 2) 

Upper villus  cells incorporated labeled acetate 
into cellular lipids at a  linear  rate during  the first 
15 min of incubation.  Continued lipid synthesis was 
observed,  although at a slower rate,  throughout  the 
entire 240-min period.  Cellular lipid synthesis was 
linear with middle villus and  crypt cells during  the 
first 30 min,  but  subsequently the  rate of label incor- 
poration fell progressively. Compared with upper 
villus  cells, acetate  incorporation  into  cellular lipids 
was 2.7 and 3.2 times greater in middle villus  cells 
and 5.6 and 7.9 times greater in crypt cells at 15 and 
240 min of incorporation, respectively. 

Experiments were also conducted  to  determine 
whether cell fragments or enzymes released  into 
the  incubation  medium  incorporated [14C]acetate into 
labeled lipids. Upper villus  cells were  incubated in 
Krebs-Ringer bicarbonate  buffer.  After 30 min the 
medium was separated  from  the cells and incubated 
with labeled acetate. The incorporation of labeled 
acetate  into lipids in the  absence of cells was negligible. 

Labeled lipids, detected in the  incubation  medium 
at the time of first sampling (7.5 min), were released 
at a  linear  rate for 30 min by all  cell types. Continued 
release of labeled lipids was observed during  the  entire 
240 min of incubation.  Although the time  course of 
release of labeled lipids was similar for intestinal 
cells from  the  three fractions,  the  proportion of total 
labeled lipids released  into the  medium was considera- 
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Umer Villus Middle Villus 
32 - f 

2 4 6 8  

Cell Count (millions/ 3 ml) 
Relationship between cell number  and [I4C]acetate incorporation  into cellular lipids. Krebs- 

bicarbonate buffer  (3 ml) containing the indicated concentiations of upper villus, i iddle  villus, 
and-crypt cell were incubated at 37°C. After 30  min  of incubation [I4C]acetate incorporation was 
determined as described in Methods. Each point  represents  the mean of three experiments % SEM. 

bly lower with the  crypt cell fraction. Thus, between 
30 and 240 min of incubation,  the  percent of labeled 
lipids released into  the incubation  medium  changed 
from 26.7% to  22% with upper villus cells, from 2  1.4% 
to 25.3% with middle villus cells, and  from  8.3% to 
10.9% with crypt cells. 

The time  course  for [14C]acetate incorporation with 
added unlabeled  acetate was investigated with crypt 
cells. As seen in Fig. 2C, the time  course was similar 
when  these cells were  incubated with or without un- 
labeled  acetate. 

The incorporation of [14C]acetate into isolated 
lymphocytes was investigated  to determine  whether 
lymphocytes present in intestinal cell preparations 
contributed significantly to lipid synthesis. For this 
purpose, lymphocytes were isolated from  rat spleen 
by a  teasing  technique. Cell viability, determined 
by the exclusion of trypan  blue,  ranged  from 90 to 
95%.  When lymphocytes were incubated  under  the 
same  conditions as intestinal cells, average  incorpora- 
tion by los cells in two experiments was only 84 cpm 
after 30 min and 2  10 cpm  after 4 hr of incubation. 
Based on  the fraction of lymphocytes in the  upper 
villus preparation  (15%)  and  the acetate  incorpora- 
tion by these cells (Fig. a), the lymphocytes contrib- 
uted less than 1.4% of the total counts in the  upper 
villus cells. These  data strongly  suggest  that the 
lymphocytes present in the intestinal cell preparations 
did not  contribute significantly to lipid synthesis. 

Time course of 3Hz0  incorporation (Fig. 3) 
Both  upper  and middle villus  cells incorporated 

3Hz0  into  cellular  lipids at a  linear  rate  for 15 min; 
the  rate  of 3 H z 0  incorporation was linear  for  30 min 
of  incubation with crypt cells. Continued lipid syn- 
thesis was observed with all cell fractions for  the  entire 
period of incubation. 

Compared with upper villus cells, 3 H z 0  incorpora- 

tion into cellular lipids was 2.3 and 2.1 times greater 
in middle villus  cells and 4 and 3.3 times greater in 
crypt cells at 15 and 240 min of incubation, respec- 
tively. Thus,  the  differences between the various cell 
types in the  incorporation of label into lipids were 
less marked with 3 H 2 0  than with [I4C]acetate. 

Distribution of label among lipid  classes 

As seen in Table 4, the  pattern of  [14C]acetate 
incorporation  into  various lipid classes was almost 
identical after  30 or 180 min of incubation in both 
the villus and crypt cells. In both cell types the distri- 
bution of 14C among  the various lipid classes was as 
follows: 52.5% in triglycerides, diglycerides, and 
monoglycerides; 22.3% in cholesterol;  8.3% in choles- 
teryl esters;  1.9% in fatty acids, and 1570 in phospho- 
lipids. In contrast  the  incubation media contained  a 
significantly lower percentage of cholesteryl esters 
(2.3%)  and phospholipids  (1  1.9%)  than the cellular 
lipids. Moreover, the  percent of label in total glyc- 
erides  (6 1.1 %) was significantly higher in the incuba- 
tion medium than in  cells. 

Since 1,3-diglycerides and cholesterol  had identical 
mobilities with the solvent system employed for thin- 
layer chromatography,  the  incorporation of  [“C]- 
acetate  into  cholesterol was corroborated by digitonin 
precipitation  (25). In  three  separate  experiments  the 
percent of total lipids recovered as cholesterol by 
digitonin  precipitation was 24% rt 0.4 SEM in upper 
villus  cells and  25.6% rt 0.6 SEM  in crypt cells. The 
corresponding values for  cholesterol in these  experi- 
ments by thin-layer  chromatography were 20.7 rt 0.5 
SEM for  upper villus  cells and 22.1% rt 0.6 SEM for 
crypt cells. 

The incorporation of  [14C]acetate and 3 H z 0  into 
fatty acids (saponifiable lipids) and cholesterol  (non- 
saponifiable fraction) was examined in the  upper 
villus and crypt cell fractions. As seen in Table 5 ,  
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and medium lipids. Incubation conditions are as described in 
Methods. Upper villus ( A ) ,  middle villus ( E ) ,  crypt cells ( C )  
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Fig. 3. Time course of 3 H Z 0  incorporation  into cellular lipids 
in upper  and middle villus and crypt cells. Upper villus, middle 
villus, and crypt cells were incubated at  a concentration of 1.8- 
2.6 X lo6 cells/ml. The incorporation of 3HZ0 into cellular lipids 
was determined as described in Methods. Each point represents 
the mean of three experiments * SEM done in duplicate. Label 
incorporation is expressed per 1 X IO6 cells. 0-0 -0 ,  
Upper villus cells; 0 - - - 0 - - - 0, middle villus  cells; 0 -.-.O 
0 -.-.El, crypt cells. 

72% of the 14C label was in the saponifiable fraction 
and 28% in the  nonsaponifiable  fraction with the 
upper villus  cells. The crypt cells showed essentially 
the same  distribution. These values agree well  with 
the  results  obtained by thin-layer  chromatography 
and by digitonin  precipitation. With 3H20,  about 
68% of the label was detected in the saponifiable 
fraction and 32% in the  nonsaponifiable  fraction in 
both upper villus and crypt cells (Table 6).  In contrast 
with labeled acetate, only about half of the tritium 
label was recovered  in the lipid fractions; the re- 
mainder of the label was shown  to be in the  aqueous 
phase following saponification. 

Effect of homones  and  ethanol 
Glucagon, epinephrine,  norepinephrine, dexa- 

methasone,  dibutyryl cyclic  AMP,  cyclic AMP, the- 
ophylline, and cholera  toxin  did  not significantly 
alter  the  rate of labeled acetate  incorporation  into 
cellular lipids (Table 7). Also examined were the 
effects of dibutyryl cyclic  AMP and  epinephrine  on 
the release of labeled lipids from  upper villus  cells 
into the incubation  medium.  Neither of these com- 

(0.93-1.3 X lo6 cells/ml) were incubated for various periods of 
time and  the labeled lipids in the medium and the cells were deter- 
mined as described in Methods. Each point represents  the mean 
of four experiments ? SEM.  [14C]Acetate incorporation is ex- 
pressed per  1 X lo6 cells. 0 - 0, Cellular lipids; 0 - - - 0, 
medium lipids; 0 -.-.- 0, cellular lipids-incubation conditions 
are exactly the same with the exception of adding 1 pmole of 
unlabeled acetate to the incubation medium. 
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TABLE 4. Distribution of labeled acetate among various lipid classes 

Upper Villus  Cells"  Crypt  Cells" 

Cellular Lipids  Medium  Cellular  Medium 
Lipid  Class  Lipids  Lipids 
Time  (min) 30b 180 180 30 180 180 

Cholesteryl esterse 
Triglycerides" 
Fatty acids 
Cholesterol 
DiglyceridesP 
Monoglycerides' 
Phospholipids" 
Recovery 

% % 

7.2 e 0.3 7.6 c 0.4 
24.4 c 0.5 25.5 f 0.7 
1.8 2 0.3 2.5 ? 0.2 

21.6 f 0.6 19.0 ? 1.4 
20.9 f 0.5 23.1 c 0.9 
6.4 c 0.9 5.5 f 0.8 
17.7 c 1.3 16.8 f 0.6 
76.3 f 1.1 78.0 f 1.0 

% 

1.8 f 0.3 
29.9 f 0.8 
1.4 ? 0.1 
18.9 f 0.4 
27.5 f 0.6 
8.6 2 0.3 
11.9 2 1.3 
81.3  2.2 

% % 

8.1 ? 0.2 8.3 f 0.5 
24.9 f 0.8 25.6 f 0.3 
2.3 f 0.4 1.9 ? 0.1 
21.8 f 1.1 22.3 c 0.7 
23.6 ? 0.8 22.5 f 0.4 
4.3 f 0.8 4.4 c 0.3 
15.0 f 2.1 15.0 c 1.0 
76.0 f 2.9 75.7  3.6 

% 

2.3 c 0.4 
29.3 c 0.7 
1.9 f 0.4 

22.8 f 0.7 
25.2 ? 0.6 
6.6 f 0.5 
11.9 ? 0.6 
79.3 f 2.5 

Mean 2 SEM; each value is the mean of three experiments done in duplicate. 

The differences between the sum total glycerides in cells and medium were significant ( P  < 0.001 for  upper 
villus  cells and P < 0.005 for crypt cells). Similarly the differences between cholesteryl ester and phospholipids 
in cells and medium were significant (for cholesterol ester: villus  cells P < 0.001, crypt cells P < 0.02, and 
P < 0.05 for villus and crypt cells). 

Incubation conditions are as described in Methods. Upper villus and crypt cells were incubated in a total 
volume of 3 ml Krebs-Ringer bicarbonate buffer at  a cell concentration of 1.8-2.6 X 10' celldml with 6 WCi 
of labeled acetate. Cells and medium were separated,  extracted, and washed as described in Methods. The 
cellular and medium lipids were resolved by thin-layer chromatography using hexane-diethyl ether-glacial 
acetic acid 70:20:1 into the above fractions. The spots were identified by exposure to iodine and scraped  from 
the plate; the labeled lipids were extracted from the scrapings with chloroform-methanol 2:l which was 
transferred  to counting vials, dried  and counted as described in Methods. 

* Time of incubation. 

pounds significantly changed  the  release of labeled 
lipids (data  not  shown).  Although  ethanol  did not 
affect  acetate  incorporation into lipids, the  incorpora- 
tion of 3 H z 0  into cellular  lipids by both  crypt  and 
villus  cells  was approximately  doubled by 5 mM etha- 
nol and tripled by 10 mM ethanol (Table 8). Saponi- 

TABLE 5. Labeled acetate incorporation in saponifiable and 
nonsaponifiable lipids 

30-min Incubation' 180-min Incubationa 

Non- Non- 
Saponifiable saponifiable Saponifiable  saponifiable 

Cell Type Fraction  Fraction  Fraction  Fraction 

% % % % 
Upper 

Crypt 73.4 2 0.9  26.6 c 0.8  70.4 c 1.2 29.6c 1.2 
villus 71.6 2 1.8  28.4 f 1.8  72.3 2 1.9  27.7 2 1.8 

Recovery 86.2 c 2.7  84.0 f 0.9 

a Each value is a mean SEM  of three experiments done in 
duplicate. The percent values for both saponifiable and non- 
saponifiable lipids were calculated for  the label recovered. 

Incubation  conditions and lipid extraction are as described in 
Methods. The chloroform-methanol  mixture  containing  the 
labeled lipids was dried  under a  gentle  stream of nitrogen in a 
water bath at 45°C. Water (1 ml) was then  added to the  dried 
lipid extract and subsequently 2.0 ml of 95% ethanol and 0.5 ml 
of 60% (w/v) KOH were added;  the resulting  mixture was 
saponified at 80°C for 90 min. Nonsaponifiable lipids were 
extt-acted into heptane  and backwashed once with water. The 
heptane phase was transferred to counting vials and these 
samples were counted as described in Methods. The original 
aqueous  phase was washed once with heptane  and acidified; fatty 
acids were then extracted into  heptane  and counted. 

fication data showed that  the 3 H z 0  incorporation 
was increased to a similar degree  in  the saponifiable 
and nonsaponifiable  fractions as well as in the  aqueous 
phase. 

DISCUSSION 

Isolated  intestinal cells have several advantages for 
metabolic studies. They  are less complex than intes- 
tinal  segments or slices, and  the cell surfaces are  better 
exposed  to  oxygen,  substrates, and  other constituents 
of the incubation  buffer.  Moreover, the availability 
of a number of aliquots of specific  cell types from 

TABLE 6. 3H20 incorporation in saponifiable and 
nonsaponifiable lipids 

SO-min lncubation" 180-min Incubation" 

Non- Non- 

Cell Type Fraction  Fraction  Fraction  Fraction 
Saponifiable  saponifiable Saponifiable saponifiable 

w x % % 
Upper 

Crypt 66.0 f 1.2  34.0 c 1.2  71.5 ? 2.7  28.5 2 2.7 
villus 67.7 e 1.0  32.3 f 1.0  70.7 f 0.6 29.4 f 1.3 

Recovery 51.7 f 3.9  48.6 f 1.0 

Each value represents the mean 2 SEM  of three experiments 
done in duplicate. 

Incubation conditions are as described in Methods; saponifiable 
and nonsaponifiable lipids were fractionated as described in 
Table 5 .  
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TABLE 7. Effect of various hormones, dibutyryl cyclic  AMP, in isolated hepatocytes is unaffected by the  presence 
or absence  of glucose.' The addition of bovine serum 
albumin  from  a single supplier slightly reduced ace- 

theophylline, and cholera toxin on [I4C]acetate 
incorporation into cellular lipids 

Relative Incorporation into tate  incorporation  into  lipids by intestinal cells. 
Cellular  Lipids' 

Final In intestinal slices Dietschy and Siperstein  (1 1) 
Concen- Upper Villus 
tration  Cells  Crypt  Cells Additions 

found  that labeled acetate  incorporation  into  lipids by 
villus  cells was  less than 1% of that observed  in  crypt 

None 100.0 c 0.0 100.0 t 0.0 that intestinal villus  cells from  the  rat synthesize sterols 
% % cells. Recently, Muroya,  Sodhi, and  Gould (29)  showed 

Norepinephrine 10 pM 96.2 ? 1.4 109.2 ? 3.7 
Epinephrine 10 p M  100.7 ? 1.0 105.1 2 3.4 
Dexamethasoneb 1 PM 105.4 t 2.1 105.6 t 3.8 
Glucagon 10 p M  107.3 ? 2.4 113.3 2 9.7 
Dibutyryl  cyclic AMP' 1 mM 95.6 2 2.1 97.5 t 1.6 
Theophylline 1 mM 98.1 ? 3.2 96.8 ? 2.8 
Cholera Toxin 1 pg/ml 101.3 t 3.9 104.7 t 4.1 

Each value is the mean of three experiments done in duplicate. 
Similar results were obtained with 1 mM dexamethasone. 
Similar results were obtained with 1 mM cyclic  AMP. 

The various additions were made separately to incubation flasks 
containing either upper villus or crypt cells. Incubations were 
carried out  for 30 min as described in Methods. 

one intestine allows the investigator to examine  the 
effect  of  multiple  substances on  the metabolic activities 
of the  different cell types. 

The intactness  of the intestinal cells used in the 
present  study is demonstrated by the exclusion of 
Nigrosin dye  and by the absence  of cell  lysis or sig- 
nificant increases  in the  protein  content of the  incuba- 
tion medium. The appearance of  alkaline  phosphatase 
in the  medium, unassociated with changes  in  intra- 
cellular  enzyme content, probably  results from en: 
zyme secretion into  the incubation buffer. However, 
we have  not  investigated  this possibility in  detail. 
Although  the isolated cells were sufficiently organized 
to synthesize the  major lipid classes in a physiological 
buffer,  the  rate of lipid synthesis was linear  for only 
a short time. Considerable  incorporation of label 
continued  for 4 hr, but  the  rate of incorporation 
during  the final 2 hr was only 25% of the initial rate. 
Finally, the  ethanol-induced  enhancement in lipid 
synthesis reveals responsiveness  of  these cells to  an 
ex?ernal  stimulus. 

Although  Stern  (20)  used  sucrose to investigate 
cellular  respiration  in isolated suspensions of intestinal 
cells, we found  that glucose supported lipid synthesis 
somewhat  better than sucrose. Most other investiga- 

as rapidly as the  crypt cell fractions. In  the present 
study upper villus  cells incorporated  about 12% as 
much  acetate into lipids as the  crypt cells, and  the 
distribution  of label among  the various lipid classes 
was identical  in the two  cell types. The incorporation 
of [14C]acetate or 3 H 2 0  into  cellular  lipids by upper 
villus  cells could  result from  the  presence  of lympho- 
cytes or crypt cells in the villus  cell fraction. Because 
they incorporate very small amounts of  labeled  acetate 
into lipids, lymphocytes contribute insignificantly to 
lipid synthesis by isolated villus cells. By measuring 
thymidine  kinase,  a  crypt cell enzyme, and by injecting 
rats with labeled  thymidine  prior  to cell isolation, 
Weiser (18) previously found little or no contamina- 
tion of upper villus  cell fractions with crypt cells. 
Since we followed the  procedure described by Weiser, 
it is unlikely that our  upper villus cell preparations 
contained significant numbers of  crypt cells. Although 
we recovered only about  one-quarter of the  incorporated 
acetate  in  cholesterol,  in  earlier  studies with intes- 
tinal slices [14C]acetate was incorporated almost 
equally into  digitonin-precipitable  sterols and fatty 
acids (1  1).  These discrepancies may reflect differences 
in metabolic properties between isolated cells and 
slices. 

The appearance of labeled  lipids  in the incubation 
medium  could  result  from cell  lysis, pinching  off  of 
cell membranes,  leakage of cellular lipids, or secretion 
of  lipoproteins. Cell lysis and loss of cell membranes 

TABLE 8. Effect of ethanol on [14C]acetate and 3H20 
incorporation into cellular lipids 

Relative Incorporation into Cellular  Lipids" 

Ethanol 
Concen- Upper Villus Upper Villus 
tration  Cells  Crypt  Cells  Cells  Crypt  Cells 

["CIAcetate aH,O 

tors  have also utilized glucose in their  studies of lipid % % % % 

synthesis in slices or everted sacs of  intestine  (12, 28). None 100 100 100 100 
In  the  present  study  the  presence of glucose or sucrose 5 mM 101.4 t 3.3 105.3 f 2.4 206.6 * 6.1 214.6 +- 9.4 

thesis by intestinal cells. Adipocytes also require glu- a Each value is the mean SEM of three experiments done in 
cose for lipid synthesis,'  but  acetate  incorporation duplicate. 

in the incubation  buffeT was essential for lipid  syn- 10 mM 105.2 2 4.2 101.6 2 1.0  292.3 * 9.5  296.0 9.1 

Intestinal cells (cell concentrations were 0.93-1.3 X 1O8/ml for 
labeled acetate experiments  and 1.8-2.6 X 106/ml for ='H20) were 

Margolis, S. Unpublished observation. incubated as described in Methods. 
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were  minimal,  based on  the  failure  to observe a  de- 
crease  in cell number,  an increase in Nigrosin  uptake, 
or significant increases  in  medium  protein during 
incubation. The small changes  in  medium  protein, 
which are  far  more soluble than lipids,  suggest that 
leakage of cellular  lipids was insignificant. Further- 
more,  the  distribution of labeled  lipids in the medium 
was different  from  that of cellular lipids. In particular, 
the  medium was relatively enriched in less polar lipids 
(glycerides) and contained  smaller  quantities of the 
more  polar lipids (phospholipids) which are major 
constituents of cell membranes. 

The reason for  the relatively low concentration of 
label in  the  medium cholesteryl ester  fraction is not 
clear, especially since lecithin-cholesterol acyltrans- 
ferase  has  been  recently  found in intestinal  lymph 
(30). Our results  suggest that  the labeled lipids in 
the incubation  medium are  bound to  lipoproteins 
secreted by intestinal cells. Further  support  for this 
interpretation is provided by experiments  that have 
documented  the release of chylomicrons by isolated 
cells of rat intestinal mucosa (15). 

Prior investigations have  examined several aspects 
of the regulation of intestinal lipid synthesis. Al- 
though bile salts inhibited lipid synthesis in intestinal 
slices (31), neither  cholesterol  feeding nor fasting 
(8) affected lipid synthesis. The addition of insulin 
to intestinal slices did  not  alter  the  incorporation of 
[14C]acetate into  fatty acids (12). The present investi- 
gation  indicates  that lipid synthesis in rat intestinal 
cells is unaffected by catecholamines or glucagon, 
which stimulate  adenyl cyclase  activity and inhibit 
lipid synthesis in  hepatocytes and adipocytes (6, 10). 
Cholera  toxin,  an  agent previously shown to increase 
adenyl cyclase  activity in intestinal  epithelial cells 
(32), did not  alter  the  rate of acetate  incorporation 
by intestinal cells. The absence of hormonal  response 
in  these cells  may be due to loss of ultrastructural 
integrity, loss of cell receptors  during cell isolation, 
or unresponsiveness of these cells to  hormones. Al- 
though we did not  repeat electron microscopic exam- 
ination of these cells, a number of other investigators 
(33,34) have used Weiser’s technique  for  the isolation 
of intestinal cells. The loss of intestinal cell membrane 
receptors seems unlikely, since this rather gentle tech- 
nique of cell isolation does  not utilize proteolytic 
enzymes. Furthermore,  neither dibutyryl cyclic  AMP 
nor theophylline, which do not  require cell receptors 
for  their effects,  altered the  rate of lipid synthesis. 
Taken  together, these  results  strongly  suggest that, 
unlike liver and adipose tissue, intestinal cell lipid 
synthesis is not  regulated by cellular levels of cyclic 
AMP. 

Although most studies on  the effects of ethanol 

on lipid metabolism have been  directed  towards liver 
(35,36), ethanol is largely absorbed  in the small intes- 
tine, which contains alcohol dehydrogenase and can 
metabolize ethanol (37). Thus, high  luminal  concen- 
trations of ethanol  might  influence  intestinal lipid 
metabolism. Middleton et al. (38) observed  enhanced 
cholesterol synthesis in rat intestine after  ethanol 
administration. Mistilis and  Ockner (39) showed that 
intraduodenal  administration of ethanol  increased 
mucosal triglyceride  content and stimulated the  pro- 
duction of endogenous triglyceride-rich lipoproteins 
by small intestine. In  the  present study  ethanol con- 
centrations similar to blood levels in  man after mod- 
erate  ethanol ingestion clearly increased  the  incorpo- 
ration of tritiated  water  into lipids of both  upper villus 
and crypt cells. The absence of an  ethanol effect of 
[14C]acetate incorporation  might be related  to  a 
dilution of the intracellular  acetate pool by the con- 
version of ethanol  to  acetate. The problems  produced 
by such changes in the pool of acetate are overcome 
by the use of 3H,0 in these cells, as has been sug- 
gested previously for liver cells (40). However, we 
cannot  explain the discrepancies in the  effects of 
ethanol on labeled acetate and  3H20 incorporation 
into cellular lipids. The present  study shows that 
isolated intestinal cells are suitable for  studies of 
the  rapid  regulation of lipid synthesis. In contrast to 
their known inhibiting effects on lipid synthesis in 
hepatocytes and adipocytes,  dibutyryl cyclic AMP, 
epinephrine,  and glucagon  had no effect on lipid 
synthesis in intestinal mucosa cells. Isolated intestinal 
cells should  prove  useful for elucidation of the mech- 
anism  for  the  ethanol  stimulation of lipid synthesis.l 
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