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~ Effect of starvation on glucose transport and membrane fluidity in rat
intestinal epithelial cells
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Studies on the surface arca of microvilli (MV), fluidity of brush border membranes (BBM) and p-glucose uptake were carried out in rat intestinal

epithelial cells (IEC) during progressive starvation and under re-feed conditions. The surface arca of MV, fluidity of BBM and p-glucose transport

through 1EC membranes showed an increase during starvation when compared to well-fed controls. Re-feeding experiments restored the control

values of all the three parameters within a short time. The results showed that the increase in p-glucose transport through IEC membranes during
starvation is due to increased surface area of MV and increased fluidity of BBM.
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1. INTRODUCTION

During progtessive starvation, events such as deple-
tion of stored glycogen, increase i.: upolysis, ketogunesis
and irreversible glucose disposal take place. In other
words, the changes in metabolic processes during star-
vation are such that they ensure the maintainance of an
adequate supply of glucose to tissues which have an
obligatory requirement for it for the performance of
vital functions of the body during the stress condition
[1-4]. The microvillus (MV) membrane of enterocytes
is highly specialized for digestive functions: the surface
is metabolically very active and plays an important role
in the state of digestion and the active transport of
nutrients [5). In morphological studies of fasting, it has
been reported [6,7] that there was a marked teduction
in villus height. However, no information is available on
the structural and physiological aspects of the MV
membrane during starvation and re-feed conditions.

We, therefore, examined the effects of progressive
starvation on functional aspects of brush border mem-
branes (BBM) of enterocytes of the small intestine. Par-
ameters such as surface arca of MV, membrane fluidity
of BBM and p-glucose transport through intestinal cp-
ithelial cell (IEC) membranes of rat were undertaken in
the present study. The data indicate that during starva-
tion this membrane system becomes more active for
transport of p-glucose by changing its surface area and
fluidity. However, following re-feeding these mem-
branes initially become more active, and revert to con-
trol conditions later,
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2. MATERIALS AND METHODS

2.1. Preparation of animals

Adult male (90 £ 5 days with an average weight of 280-320 g) Wistar
rats were uscd for the present study. These animals were housed in a
room with constant temperature (24 £ 2°C) until they were killed. To
avoid cannibalism during starvation each rat was housed separately.
Groups of S rats, for each time point, were fasted for periods ranging
from 1 to 8 days; the animals were provided with water ad libitum.
The rats in control group were given food and water ad libitum. After
7 days of starvation rats were re-fed for 1-12 h time periods. The
control, the starved, and the re-fed animals were killed by cervical
dislocation at the appropriate time and anterior portions of the small
intestines were dissected out.

2.2. Electron microscopy

Small picces of intestine from control and experimental rats were
collected and fixed in 3% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.2) for 3 h. Afier washing, post-fixation in 1% osmium tetroxide
in phosphate buffer was casriec vut for 3 h. The fixed samples were
washed, dehydrated and embedded in Araldite. Ultrathin secu
were stained wiwa 2% uranyl acctate, post-stained with 0.2% lead
citratc and examined in a Jeol 100 CX clectron mictoscope. The
number of MV per unit arca was counted and their surface arca was
calculated.

2.3. Preparation of BBM fraction

The proximal region of the intestines from well-fed, starved (day 1
to day 7) and re-fed rats was taken and rinsed thoroughly with ice-cold
0.15 N NaCl. The intestinal cells werr collected by scraping the in-
verted intestine with a glass side in buf¥er 1 (50 mM mannitol, 2 mM
Tris/HCI, pH 7.1). BBM was prepared according to the 1.cthod of
Kessler et al. [8). The protein content of the [racties was eshmated by
Lowry's methed [9). Membrang purity was checked by alkaline phos-
phatase assay [10], and observation of negatively stained preparations
using an clectron microscope

24, Measurement of fluidity )
Fluorescence measurcments tor membrane fluidity using pyring as
fluorcscent probe were recorded on a Hitachi F-4000 fluorsscence
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About 2 cm of the proximal region of the intestine was inverted and
incubaied in 4 ml <5 Hank's buffer (pH 7.4) containing cold p-glucose iy
in various concerzrations. (100 uM 10 1 mM) and S zCi of *C-labelled . - &
p-glucose {specific activity 210 mCi/mM, obtained from BARC, Bom- -
bav. Endia). 1Incubation was done for 5-30 min at room temperature
with constant pentle shaking. The concentration of coid p-glucose and
the period of incubation was standandized. Intestinal picves from con-
trol and experimental rats were incubated for the fixed (20 min) time
and washed in 40 ml of washing solution (0.154 M NaCl, 10 mM
HEPES/Tris, pH 7.4) as suggested by Treves et al. [11]. 1EC were
scraped from the washed intestine, homogenized and radioactivity was
counted in Packand liquid scintillation counter 2200 CA TRICARD.
To find the eTect of Na*, cthanol, temperature, etc., on p-glucose
transport, experiments were carried out in the presence and absence
ol Na~ orethanol in Hank's buffer. Temperature-dependent p-glucose
transport wits studied by incubating the intestines at 4, 25 and 37°C.

3. RESULTS

Progressive starvation results in atrophy of villi and
crypts. The intestinal lumen of starved rats is lined by
short and blunt villi. The luminal surface of well-fed
adult rat IEC showed well-developed MV (about 17
MYV per unit area) (Fig. 1a). however, in starved rats
long and thin cylindrical MV were obscrved (about 27
MYV per unit arca) on the cell surface. The surface area
of these MV was found to the 2.6-fold higher in 6-day-
starved intestine compared to well-fed intestine (Fig,
1b). By day 8, MV were less in number per unit area
compared to day 6 starvation and MY were shed-off
from [EC. On re-feeding the 7 day fasted rats. the MV
tended to occupy almost the same area as in controls by
6 h of re-feeding (Fig. Ic).

The activity of alkaline phosphatase in the BBM frac-
tion was found to be 14-fold higher than that of total
homogenate (Table I). In negatively stained BBM prep-
arations, the membranes appeared as vesicles: nito-
chondria, nucleus, lysosome and Golgi bodies were ab-
sent. However, some contamination of endoplasmic
reticulum was found, which was less than 10%.

-—
Fig. 1. Electron micrographs of 2 portion of intestinal epithelial o2l
showing dmtribution of microvilli (MV) on the Juminal surface of the
el fay Bn 3 woll-fod ran. the MV ars ohord awd iow @5 number por unit
aren. by In s & day ared ral. the MY arc namrow. long amd donder
2 whane. (8 ln a cat ce-fod 6 5 alicr 7 Caye sarvation, the MY srovhon
and Brosd zod o comparable to the eciided i Mapnification
» 24,505,
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Table |

- Specific activity of alkaline phosphatase in the homogenate and brush
L border membranes of rat intcitine

" Experimental Homogenate Membrane Increased activity
condition fraction (fold) in membrane
fraction

Well-fed 0.293 397 13.5

3-days starved 0.324 50 15.5

6-days starved 0.293 4,05 138
Jhrefedafter 7days  0.312 5.0 16.0

of starvation

Enzyme activity is expressed in gmol/mg protein/min.

Pyrene has been used to study the fluidity of BBM.
Fig. 2 shows the effect of membrane protein concentra-
tion on the eximer/monomer emission intensity. The
ratio increased with increasing concentration of the
membrane protein and reached a saturation point at
250-300 ug protein. The eximer/monomer ratio at satu-
ration point is given in Table 1I. The eximer formation
was more prominent in starved rat membranes and
reached a maximum at day 6 of starvation (Fig. 3a). On
re-feeding, this ratio (470 nm/372 nm) went up after 2
h and then came down to close to the control level after
12 b (Fiz. 3b). The whole set -, ciperiments v cre re-
peated at least 6 times and found to be consistent.

The p-glucose transport levels in weil-fed, tasted (day
1 to day 7) and re-fed rats are shown in Table II. Trans-
port was increased during starvation, reaching a maxi-
mum on day 6 (about 2-fold higher compared to well-
fed rats, Fig. 3a). On re-feeding 7-day-fasted rats, p-
glucose transport increased within 4 h (2.5-fold to con-
trol) and then decreased (Fig. 3b). Fig. 4 shows the
effect of Na”™ on p-glucose trnsport; it is about 6-fold
higher to that of transport in the absence of Na*. How-

Table 11

Fluidity of brush border membranes and p-glucose transport through
intestinal epithelial cell membranes during starved and re-fed condi-

FEBS LETTERS

tions
Experimental Fluidity (eximer/ p-glucose transport
condition monomer ratio) (pmol/mg protein
S
Well-fed 0.220 £ 0.003 358 + 22
1 day starved 0.242 + 0.007 4G 2 28
2 days starved 0263 + 0,003 459 = 100
3 days starved 0.262 + 0.005 457 £ 105
4 days starved 0.267  0.025 402 + 104
5 days starved 0.285 £ 0.013 457 £ 109
6 days starved 0.207 £ 0.015 544 + 109
7 days starved 0.290 * 0.026 482 £ 10
2 h re-fed® 0.326 £ 0.020 502 lla
4 h re-fed® 0.308 + 0.025 632 + 120
8§ h ore-fed® 0.285 1 0.015 432 = 108
12 hredied® 346+ 70

0.235 £ 0.012

*alter 7 days of starvation

April 1992

Pyrene Excimer/ Monomer (470/372nm)

. [
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Fig. 2. Eximcr/monomer intensity ratio of pyrene (4 uM) incorporated

into brush border membranes of intestinal epithclial cells from well-

fed, starved and re-fed conditions, as a function of membrane protein

concentration. Well-fed (0); starved for 1 (), 2 (a), 3 (w), 4 (V). 5 (@),
6 (®) or 7 (m) days; re-fed for 2 (A). 4 (®), 6 (Yyor 12 (® h.

ever, with or without Na*, the ratio of p-glucose trans-
port in starved to well-fed rats remains the same. Si-
milarly with ethanol, although there is a reduction in
glucose uptake in controls and starved rats, neverthe-
less, there is greater uptake in the starved rats (data not
shown). Transport at low temperature (4°C) was only
0.125-times that of transport at 25°C, and transport at
25°C was found to be higher than that of transport at
37°C. However, the pattern of increase and decrease in
transport of p-glucose due to temperature remained the
same in starved and well-fed rats.

4. DISCUESFION

Glucose transport plays a pivotal role in providing
energy for ccllular growth and other vital functions.
Various chemical factors such as insulin-like growth
factor [12), epidermal growth factor [13], transforming
growth factor [14], and hormones such as insulin {15}
estradiol [16,17] and FSH [18] stimulate glucose trans-
port. Recently Schron {19] has demonstrated that pH
change modulates brush border folate transport. Treves
et al. [11] have shown a high rate of metabolic transport
in young rat intestine when compared to the adult rat.
Presence of Na* and change in temperature also have
predominant effects on v-glucose transport through
IEC membranes [20]. Semi-starvation induced a signifi-
cant increase in total v-glucose transport [20-22]. How-
ever, no details arc available on p-glucose transport
during advanced starvation (up to 7 days) and re-feed-
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Fig. 3. (a) Changes in p-glucose transport and membrane fluidity of

well-fed rats and starved rats. The values of the well-fed rats are taken

as 100%. (b; Changes in p-glucose transport and membrane fluidity

urder re-feeding conditions. 7 day starvation values are taken as
100%, <, fluidity: e, transport.

ing conditions. The present study shows the enhance-
ment of the p-glucose transport during progressive star-
vation which reached its peak value on day o of starva-
tion.

It is quite understandable that during starvaticn there
is a need for large amounts of energy for vital cellular
processes. During starvation clevaied levels of gluco-
neogenic excymes which in turn break down stored gly-
cogen [4,7], increase lypolysis and ketogenesis to pro-
vide more glucose to the system via the gluconeogenic
pathway. However, thc mechanism underlying the in-
creased uptake of glucose during starved conditions is
not well understood. The present study sheds some light
on the mechanisms of higher uptake of glucose during
starvation conditions. This could be accamplished ci-
ther by an increase in the absorptive arca or by a change
in the BBM so as to facilitate increased transpont of
o-glucose. In the present morphometric study on MV
of 1EC, it was found that by day 6 starvation. the MV
had become very slender and were present in greater
numLeT per unit area (the surface arca of MV increased
by a factor of 2.6). Similariy, in the membrane fluidity
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Fig. 4. Histogram showing p-glucose transport in the presence and
absence of Na® through intestinal epithelial cell membranes from
control and 6-day-starved rats.

study, it was found that the membranes became more
fluid during progressive starvation; the maximum fluid-
ity of these membranes was recorded on day 6 of starva-
tion.

Membrane fluidity is affected during various phy-
siological conditions such as ageing {23] and cell divi-
sion [24] and following treatment with various chemi-
cals such as r-aliphatic alcoliol {25], testosterone [26]
and estradiol [27). Many possible mechanisms have
been described [28] in the titerature by whicii membrane
fluidity might be enhanced. For example, unsaturation
of phospholipid fatty acyl groups [29], phospholipid
methylation [30] and ciholesterol depletion [31]. Mem-
brane fluidity is known to affect the permeability to
metabolites such as p-glucose {22,321 and acetate [33].
Recently Dudeja et al. [34,35] have shown that chemi-
cally induced fluidity in BBM aff.cts the uptake of n-
glucose und L-glutamate. In the present study we have
shown that starvation brirgs fluidity changes in the
BBM which in turn facilitates enhanced p-glucose trans-
port across IEC membranes.
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