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Mild Whole-Body Heat Stress Alters Retinoid

Metabolism in the Rat Small Intestine
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Mild heat treatment can modulate metabolism and prevent stress-induced alterations in cells and
tissues. Retinoids are known to influence cellular metabolism and are essential for growth and differ-
entiation, particularly of epithelial tissue. This study examines the effect of mild heat treatment on
retinoid alterations in enterocytes in the rat small intestine. Heat treatment changed the differentiation
pattern of enterocytes along the villus-crypt axis, accompanied by increases in retinol, retinaldehyde,
and retinoic acid in proliferating crypt cells. Activities of retinoid metabolizing enzymes such as reti-
naldehyde oxidase and retinaldehyde reductase were also increased. These results suggest that mild
heat treatment can alter retinoid metabolism in the small intestine, which might influence epithelial
cell proliferation and differentiation.
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The intestinal epithelium is a self-renewing monolayer
arising from stem cells located at or near the base of
the crypts. The integrity and homeostasis of the intesti-
nal mucosa are largely dependent on the continued prolif-
eration, migration, and differentiation of the crypt cells.
These multipotent stem cells, located near the base of
each intestinal crypt, divide to produce daughter stem cells
and rapidly proliferating transit cells. These cells, in turn,
undergo differentiation into mature epithelial cells, mi-
grate to the villus, and either die or are extruded in to the
lumen (1).

Retinoids are essential for growth and cell differentia-
tion, particularly of epithelial tissue in the intestine (2).
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Retinol (vitamin A) is the immediate precursor to two im-
portant active metabolites: retinaldehyde (retinal), which
plays a critical role in vision, and retinoic acid, which
serves as an intracellular messenger that affects the tran-
scription of a number of genes (3, 4). Retinol can control
differentiation and proliferation of various epithelia of the
body through formation of retinoic acid (5). Absence of
retinol can lead to uncontrolled proliferation of epithelial
stem cells that fail to differentiate to the normal phenotype
in many lining epithelia (6). These functions are thought
to be mediated through binding of retinoic acid to retinoid
nuclear receptors.

Oxygen free radicals are known to play an important
role in gut epithelial damage in conditions such as gut in-
flammation, hemorrhagic shock, and surgical stress (7, 8).
Heat preconditioning has been proposed as a new strat-
egy to prevent oxidative injury in cells and tissues (9,
10). Studies on heat stress by Bellmann et al. showed
a protective effect against cell damage following oxygen
radical insult (11). Initial exposure to sublethal stress re-
sults in cells and tissues acquiring tolerance to subsequent
lethal heat stress. A number of reports describe the in-
volvement of heat shock proteins in the acquisition of this
tolerance, termed the heat shock response (12). Mild heat
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preconditioning has also been shown to have a protective
effect against oxidative stress-induced intestinal and lung
damage (13).

Our earlier studies have shown that heat preconditioning
can increase the activity of the antioxidant enzymes, su-
peroxide dismutase and catalase, in the intestine (13) and it
is known that retinoic acid can induce the transcription of
a number of genes (14). This suggests that the mechanism
of cytoprotection by heat preconditioning might involve
induction of retinoic acid formation, and led to the hypoth-
esis that heat preconditioning would enhance the retinoic
acid levels and maintain cell proliferation and differentia-
tion in the intestine. This was tested in a rat model, using
cells at various stages of differentiation along the villus,
middle, and crypt axis of the intestine.

MATERIALS AND METHODS

Bovine serum albumin (BSA), ethylene glycol-bis-(ß-
aminoethyl ether)-N , N , N ′, N ’-tetraacetic acid (EGTA),
dithiothreitol (DTT), nicotinamide adenine dinucleotide
(NAD), its reduced form (NADH), all-trans retinol, all-trans
retinal, and all-trans retinoic acid were all obtained from Sigma
Chemical Co. (St. Louis, MO, USA). All other chemicals used
were of analytical grade.

Animals. Adult Wistar rats of both sexes (200–250 g), ex-
posed to a daily 12-hr light-dark cycle and fed water and rat
chow ad libitum, were used for this study. The normal rats in
our experimental system consumed nearly 40 g of rat chow/day,
corresponding to a carotene intake of 3.68 mg and a vitamin A
intake of 346 μg of as measured by HPLC. This study was ap-
proved by the Animal Experimentation Ethics Committee of the
Institution.

Whole-Body Hyperthermia. Rats allocated to the heat
group (n = 6) were anesthetized with an injection of ketamine
(50 mg/kg body weight, IP) and placed in a prewarmed hu-
midified heating chamber maintained at 42◦C for 15 min. This
resulted in an increase in body temperature to 40◦C as moni-
tored by a rectal thermometer. After heat treatment, the animals
were removed from the heating chamber and allowed to recover
for 30 min at room temperature. For sham control, the animals
(n = 6) were anesthetized but not subjected to 42◦C. Following
this, the animals were sacrificed.

Isolation of Villus and Crypt Cells from the Small Intes-
tine. Care was taken both during cell isolation and retinoid ex-
traction to avoid bright lights and all procedures were carried
out under dim light. Overnight fasted rats were killed by decap-
itation, the abdomen was opened, and the intestines removed.
The whole length of the small intestine was washed gently with
cold physiological saline containing 1 mM DTT. Enterocytes at
various stages of maturation (villus to crypt) were isolated by
the metal chelation method as described (15). Purity of the iso-
lated villus, middle, and crypt cells was assessed by assaying the
marker enzyme for differentiation, alkaline phosphatase (16).

Retinoid Extraction and Quantitation by HPLC. The sus-
pended cells were homogenized in PBS, pH 7.4, and the ho-
mogenate (approximately 2 mg protein) was mixed with an equal
volume of 100% ethanol and a 0.025× volume of 0.1 M HCl.
Neutral and acidic retinoids were extracted twice with a 3× vol-

ume of hexane. Extracted fractions were dried under nitrogen and
reconstituted in 100% ethanol for HPLC separation. Retinoids
were separated on a Shim-pack CLC-SIL silica column running
at 1 ml/min using the mobile phase (hexane:dioxane:acetic acid,
92:8:0.1) and were monitored at 350 nm (5). Quantitation was
performed by relating the area of the peak to areas obtained by
the analysis of known quantities of retinoid standards, expressed
as picomoles per milligram of protein. The recovery of retinoids
by this method was about 85%.

Retinoid Metabolizing Enzyme Activity Measurements.
Subcellular fractionation of isolated enterocytes was carried out
by differential centrifugation and cytosol prepared. This was
used for assay of enzymes involved in retinoid interconversion.
Retinaldehyde dehydrogenase activity was estimated by mea-
suring the retinoic acid formed from retinaldehyde. The reaction
mixture consisted of cytosolic protein corresponding to approxi-
mately 1 mg, 100 μM nicotinamide adenine dinucleotide (NAD),
and 0.5 μM retinaldehyde (in ethanol) (all final concentrations)
in a total volume of 0.2 ml. This mixture was incubated at 37◦C
for 20 min and the reaction stopped by the addition of ethanol,
followed by extraction and quantitation by HPLC as described
above. Cytosolic incubations were also carried out in the absence
of NAD to measure retinaldehyde oxidase activity. For retinalde-
hyde reductase activity, 200 μM reduced nicotinamide adenine
dinucleotide (NADH) instead of NAD was added and estimated
by measuring the retinol formed from retinaldehyde. Retinol de-
hydrogenase activity was measured by incubating the cytosolic
protein corresponding to approximately 1 mg along with 2 mM
NAD and 1 μM retinol in a total volume of 0.2 ml at 37◦C for
20 min, and here again, the reaction was stopped by the addition
of ethanol (5) followed by extraction and quantitation by HPLC
as described above. Specific activity is expressed as picomoles
of product formed per minute per milligram of protein.

Protein Estimation. Protein was estimated by Lowry’s
method using bovine serum albumin as standard (17)

Statistical Analysis. Data are expressed as mean ± SD from
a minimum of six animals with duplicate estimations. The
Mann-Whitney nonparametric test was used for tests of signif-
icance of differences between groups. A probability of <0.05
was accepted as significant. Statistical calculations were done
using SPSS (version 9) software.

RESULTS

Figure 1 shows the activity of the enterocyte differ-
entiation marker, alkaline phosphatase (ALP), along the
villus-crypt axis in the rat small intestine with and without
heat treatment. An increase in ALP activity was evident
in all cell fractions after heat treatment, though this was
highly significant in the middle cells compared to the vil-
lus and crypt cells. As expected, the highest activity was
found in the fully differentiated villus cells compared to
the other cell populations.

Retinoid levels in various populations of enterocytes
lining the small intestine were quantitated and a signifi-
cant increase in retinol and retinoic acid was seen in all the
cell populations after heat treatment. Interestingly, this in-
crease was significantly higher in proliferating crypt cells
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Fig 1. Alkaline phosphatase activity in different cell populations of en-

terocytes isolated from normal animals and after mild heat precondition-

ing. Each value represents the mean ± SD of six separate experiments

with duplicate estimations (n = 6). *P < 0.00005 compared to villus

from control. # P < 0.0000005 compared to middle cells from control.

**P < 0.000005 as compared to crypt cells from control.

compared to other cell populations. Even retinal, which
was not altered in the villus and middle cells, showed an
increase in crypt cells after heat treatment (Figure 2).

The metabolism of various retinoids is carried out by
different enzymes, (Figure 3). These enzyme activities
were measured in the cytosol from different enterocyte
populations. Retinaldehyde reductase is the enzyme which
catalyzes the conversion of retinaldehyde to retinol, and
in the small intestine, the activity of this enzyme was
slightly higher in the villus cells compared to the mid-
dle and crypt cells (Figure 4A). However, the activity of
retinaldehyde reductase increased about 11-fold in crypt
cells after heat treatment, which was significantly higher
than the induction seen in the middle fraction (5-fold) (Fig-
ure 4A). Though retinol can be converted back to retinal
by retinol dehydrogenase, the activity of this enzyme was
not altered by heat treatment (Figure 4B). Retinoic acid
formation was assessed by measuring the enzymes reti-
naldehyde oxidase and retinaldehyde dehydrogenase. In
the rat intestine, the enzyme activity was independent of
NAD, suggesting that oxidase is involved in the formation
of retinoic acid. This activity was also increased by heat
treatment in all cell fractions, though to a lesser extent
(Figure 4C).

DISCUSSION

Vitamin A and its derivatives (retinoids) are important
nutrients which are required for a wide array of functions
ranging from vision to gene transcription. It is known that
retinol is involved in the regulation of proliferation and dif-
ferentiation of cells, especially in the intestine (18). The
requirements for this vitamin can be satisfied by consump-
tion of animal food containing either vitamin A or plant

Fig 2. Retinol (A), retinoic acid (B), and retinaldehyde (C) levels in

different cell populations of enterocytes isolated from normal and heat-

pretreated animals. Each value represents mean ± SD of six separate

experiments with duplicate estimations. All the estimations were carried

out as described under Materials and Methods. *P < 0.05 compared to

control.

food containing carotenoids (19). In fact, the conversion of
β-carotene to vitamin A in the small intestine provided the
first evidence that these carotenoids are direct precursors
of vitamin A in animals (20). β-Carotene in the diet can be
converted to retinaldehyde in the small intestine by cleav-
age, specifically at its central double bond, catalyzed by
β-carotene, 15,15′-dioxygenase (21). The retinaldehyde
thus formed can be converted either to retinol by retinalde-
hyde reductase or to retinoic acid by either retinaldehyde
oxidase or retinaldehyde dehydrogenase. Retinol can also
be converted back to retinaldehyde by retinol dehydroge-
nase (Figure 2).

Hyperthermia has been suggested to be an important
cellular defense mechanism, mediated by synthesis of heat
shock proteins (HSP) and augmentation of synthesis of
cellular antioxidants (22). We have shown previously that
mild heat preconditioning protects small intestinal mito-
chondria and brush border membrane against oxidative
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Fig 3. Pathways of retinoid metabolism.

Fig 4. Retinaldehyde reductase (A), retinol dehydrogenase (B), and reti-

naldehyde oxidase (C) activity in different cell populations of enterocytes

isolated from normal animals and after mild heat preconditioning. Each

value represents the mean ± SD of six separate experiments with dupli-

cate estimations (n = 6). *P < 0.05 compared to control.

stress induced by surgical manipulation (23, 24), an effect
mediated by upregulation of cellular antioxidants such as
superoxide dismutase and catalase (13). Vitamin A and
its metabolites have been shown to have protective ef-
fects against acute liver damage, hepatic inflammation,
and fibrosis in a rat model (25, 26). ß-Carotene has also
been demonstrated to have antioxidant properties (27, 28).
Retinoic acid has been shown to stimulate early cellular
proliferation in the rat small intestine after partial resection
(29) and also to act as a chemopreventive agent in cancer
(30). The biological function of retinol or retinaldehyde
in intestinal epithelial cells is mediated by their cytosolic
oxidation to all-trans retinoic acid (10, 31), which is an ac-
tive ligand for retinoic acid receptors (RARs) or retinoid
X receptors (RXRs) (14).

An increase in the formation of retinol and retinoic acid
was seen in all cell populations following heat treatment,
and this increase was considerably significant in prolifer-
ating crypt cells compared to other cells. This was further
supported by the observation that the enzymes involved in
their formation were also increased in crypt cells follow-
ing heat treatment. Retinoic acid formation is normally
catalyzed by two enzymes, an NAD-dependent retinalde-
hyde dehydrogenase and an NAD-independent retinalde-
hyde oxidase. In this rat intestinal cytosol, the retinoic
acid formation is NAD independent, suggesting that the
enzyme present is retinaldehyde oxidase. Retinoic acid
is known to influence proliferation and differentiation of
intestinal epithelial cells (32). The high level of retinoic
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acid in the crypt cells and its increase following heat treat-
ment in crypt cells suggest that this may be involved in
the differentiation of crypt cells.

Our earlier study showed that heat preconditioning can
protect the intestinal epithelium against oxidative stress,
and one possible way this happens is by upregulation of
antioxidant enzymes. Gene regulation by retinoic acid has
been demonstrated (14), and we have shown previously
that mild heat preconditioning could increase the activity
of antioxidant enzymes such as superoxide dismutase and
catalase in the intestine (13). These enzymes have also
been shown to be increased in hypervitaminotic rats (33)
and 9-cis-retinoic acid, an activator of both RARs and
RXRs, induced catalase levels in cultured human mesan-
gial cells (34).

In summary, the present study has shown that mild heat
treatment can alter retinoid concentrations, especially that
of retinoic acid, in intestinal epithelial cells along with
upregulation of the enzymes in their formation. These
alterations are prominent in proliferating and differenti-
ating crypt cells, which might influence transcription of
various genes.
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