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Abstract This study has quantified the effects of insulin
treatment with and without aldose reductase inhibitor
(ponalrestat) on intestinal epithelial cell morphology in
streptozotocin-diabetic rats. Epithelial volumes, villous
and microvillous surface areas and mean volumes of
cells (and their nuclei) in crypts and villi were estimated
in each of four segments and in the entire intestine. We
derived total numbers of cells, quantified the ultrastruc-
tural features of average cells and explored variation
along the intestine and between experimental groups. In
crypts, insulin and ponalrestat had significant effects on
cell number (reduced towards normal values) and size
(volume and apex area increased beyond normal values).
There were interaction effects between insulin and pon-
alrestat for cell volume and apex area (insulin producing
more exaggerated effects when given without ponalre-
stat). On villi, insulin and ponalrestat returned cell num-
bers towards normal values but neither treatment nor-
malised cell size or the number and area of microvilli per
cell. Indeed, ponalrestat increased microvillous number
and area beyond values found in untreated diabetic ani-
mals. Again, there were interaction effects between insu-
lin and ponalrestat. Patterns of segmental variation seen
in crypts of normal rats (values tending to be higher in
proximal or mid-intestinal regions) were not preserved,
and only some of the segmental differences seen on villi
(higher values at proximal or mid-intestinal sites) were
maintained during therapy. Apart from reducing the ab-
normally high numbers of cells in untreated diabetic rats,
these results show that insulin and ponalrestat treatment
fail to restitute epithelial cell morphology in the small in-
testines of experimental diabetic rats.
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Introduction

There is experimental evidence that the small intestine
responds to experimental diabetes with hyperplasia and
hypertrophy [10, 23-25, 27, 29, 33, 40, 42, 43, 45, 51,
53, 54]. Small intestines of experimental-diabetic rats are
heavier than normal, with taller villi and longer crypts.
DNA content and protein/DNA ratio are elevated and
there is greater crypt activity and a reduction in epithelial
turnover times. Near the tips of villi in jejunal segments,
epithelial cells are taller and tissue sections through villi
contain more cell profiles. The marginal and central ves-
sels of intestinal villi alter in calibre diameter and dis-
play decreased numbers and diameters of endothelial fe-
nestrae. Increases occur in capillary pressure, capillary
filtration rate and intestinal transport activities. These
changes may not affect all parts of the intestine equally.
Whilst there is little information concerning differential
effects along the crypt-villus axis, evidence exists for
such effects along the intestinal long axis. Structural,
biochemical, physiological and kinetic studies indicate a
greater impact in distal regions [33, 40, 46, 53, 54].

In light microscopic (LM) studies on streptozotocin-
diabetic (STZ-diabetic) rats, we have confirmed that they
have wider small intestines than age-matched controls,
with greater volumes and surface areas of villi and
crypts. Alterations in the heights and shapes of villi and
the sizes of crypts were also observed [33]. At the ultra-
structural level, STZ-diabetes did not alter the mean
length, diameter or packing density of microvilli on vil-
lous epithelial cells suggesting that an increase in cell
number is the principal adaptive response [30, 55]. A
preferential effect in distal segments of small intestine
was also indicated [30, 33].

Recently, we showed that STZ-diabetes leads to pro-
liferative and hypertrophic responses within crypts but
that the changes on villi are essentially hyperplastic {60].
Crypt cells became fatter but not taller, and the increase
in their number was accompanied by an equivalent in-
crease, about 80%, in the number of villous epithelial
cells. However, villous cells were normal in size (nuclear
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volume, cell height, area and volume) and in the number
and surface area of their microvilli. Significant differ-
ences between segments were confined to the numbers
and sizes of crypt cells and their nuclei.

The present study explores the effects on STZ-diabet-
ic intestines of alternative forms of therapeutic interven-
tion, viz conventional insulin injection and administra-
tion of an aldose reductase inhibitor, ponalrestat (ICI,
Macclesfield, UK). In previous LM studies, we found
that ponalrestat had no beneficial effects: small intestines
were responsive to insulin (which restituted normal vol-
umes and surface areas of villi and crypts) and the insu-
lin response varied with intestinal region [36]. Here, ef-
fects are examined further by quantifying the fine struc-
ture of crypt and villous epithelial cells [55, 59, 60].
Since intestinal epithelium is a continuously renewing
epithelium, the average cell data were supported by esti-
mates of total cell numbers in the entire organ [37, 59,
60].

Materials and methods

Animals

As part of a larger study [6, 33, 36, 55, 59, 60], a total of 60 male
Sprague-Dawley rats (11 weeks old, 350-550 g body weight) were
divided into six groups of equal size and roughly equal mean body
weight. They were housed in plastic cages on a 14 h-10 h
light—dark cycle, fed a standard pellet diet and allowed ad libitum
access to drinking water.

In an onset control group, animals were killed at 11 weeks. All
other groups were maintained until 23 weeks of age before being
weighed and killed under anaesthesia. One of these groups com-
prised age-matched control rats and the others were STZ-diabetic
rats. To induce diabetes at 11 weeks, buffered STZ was injected
i.p. (median dosage: 58 mg/kg body weight) under ether anaesthe-
sia. Blood glucose levels rose to above 14 mmol/l within 2 days of
injection. STZ-diabetic rats were divided into four groups: untreat-
ed diabetic rats (UD) and diabetic rats treated with daily s.c. injec-
tions of Ultralente insulin (ITD), ponalrestat alone (PTD) and in-
sulin+ponalrestat (ITPTD). Ponalrestat (25 mg/kg) was adminis-
tered daily by gavage. For this study, n=6 rats were randomly se-
lected (by lottery) from each of the STZ-diabetic groups.

At 23 weeks of age, animals were killed at the same time of
day by intracardiac perfusion with an isotonic saline pre-wash fol-
lowed by 2.5% glutaraldehyde in Millonig’s phosphate buffer at
room temperature (pH 7.3). Perfused intestines were cut at pyloric
and ileocolic junctions, freed of attached mesentery and removed
entire.

Tissue sampling and microscopy

Full details of tissue sampling, including diagrams, are given else-
where [30, 38]. Each intestine was cut transversely into four seg-
ments of roughly equal length. Segments were sliced into shorter
pieces, one of which was chosen at random. After flushing out the
lumen with fixative, each piece was trimmed and washed in buffer.
Pieces were fixed secondarily for 2 h in 1% phosphate-buffered
osmium tetroxide, dehydrated in graded ethanols and embedded in
resin in flat moulds. They were subsequently glued to dummy
blocks at standard orientation.

Complete transverse sections (0.5—1.0 um thick) were stained
with toluidine blue and viewed as projected images at final en-
largements of x39-72 (low power) and x109 (high power) cali-
brated with micrometer scale standards. Low-power sections were

viewed entire, but systematic random samples [20] of high-power
fields were selected with the aid of the x,y scales on the LM stage.

For transmission electron microscopy (TEM), the same blocks
were trimmed [35] and ultrathin sections (ca. 60 nm thick) were
cut. These were contrasted with lead citrate and uranyl acetate,
mounted on copper support grids and examined by TEM at 80 kV.
Epithelia (crypts, villi) were sampled uniformly at low power us-
ing local vertical windows [5], i.e. full-thickness slices orthogonal
to the epithelial surface. Sets of 3—4 fields per section were record-
ed and photomontages printed at X5240 using carbon grating repli-
cas as external calibration standards. Further sets of 5-10 random
fields showing the villous surface were sampled and printed at
%x22600.

Stereological analyses

As used here, the term “villous” includes non-cryptal intervillous
mucosa as well as the epithelium that invests the villi themselves
[59]. Villous and crypt volumes per segment were obtained from
low-power LM fields by multiplying estimated cross-sectional ar-
eas by segment length [31, 32, 34]. Villous surface areas were esti-
mated by intersection counting [30, 34]. Epithelial volumes per
segment were estimated from point counts made on high-power
LM projections.

Volume densities of nuclei within epithelium were determined
on TEM fields from point counts and volume-weighted mean nu-
clear volumes from point-sampled intercept length measurements
[19]. Analyses were performed using test lattices bearing points
and parallel straight lines superimposed on fields at sine-weighted
angles [5, 11, 19]. The product of nuclear volume density and epi-
thelial volume provided total nuclear volume in each segment. Di-
viding this by mean nuclear volume gave the number of epithelial
nuclei in each segment [59]. Numbers of crypt and villous cells
(whether columnar absorptive epithelial, enteroendocrine, goblet
or Paneth cells, etc) were estimated separately. Cell numbers are
biased (i.e. slightly underestimated) because the volume-weighted
mean volume of nuclei is somewhat greater than the number-
weighted mean volume. The actual error is determined by the vol-
ume~frequency distribution of nuclei [11, 19], but epithelial cell
nuclei are rather uniform in size and the bias is not important [13,
38] for the comparisons drawn here.

Relative and absolute surface areas and numbers of microvilli
on villous cells were estimated by intersection and profile count-
ing [30, 55]. Diameters and lengths of appropriately sectioned mi-
crovilli were used to calculate packing densities at the cell apex.
Data were corrected for overprojection effects [18].

Mean cell height was calculated by dividing epithelial volume
by surface area. Dividing estimates of villous surface by cell num-
ber gave a mean area equivalent to that of the microvillus-free cell
apex (or of the cell base, i.e. the area of attachment to underlying
basal lamina). Note that the product of this area and cell height is
cell volume. From estimated cell numbers and total microvillous
surfaces and numbers, the surface area and number of microvilli
per average villous epithelial cell were derived. We did not collect
these data for crypt cells.

Statistics

Segmental values were expressed as group means and standard er-
rors of means (SEMs) before summing to obtain values for the en-
tire small intestine. Trends in the apparent differences between
segments were tested using Page’s ‘L’ trends test (k=4 segments,
n=6 rats), which is appropriate for related samples [41]. Differ-
ences between groups were examined using two-way analyses of
variance [52] with insulin and ponalrestat as the two main effects.
This test generates an interaction term that indicates the extent to
which the effects of one factor (e.g. insulin treatment) are influ-
enced by the effects of another (e.g. ponalrestat treatment). In the
present context, interactions may involve synergistic or antagonis-
tic effects between insulin and ponalrestat. The nuil hypothesis (no



difference between samples) was rejected if the P value was less
than 0.05 for the specified degrees of freedom (df=1.20 for main
and interaction effects).

Results

For information, age-matched control rats contained 3.32
(0.32)x109 crypt epithelial cells of mean height 20 (0.5)
um, nuclear volume 56 (2.90) um3, cell volume 207
(17.5) wm3 and apex area 10.3 (0.98) um?2. Where seg-
mental differences existed, values tended to be greater in
proximal or mid-intestinal segments. All variables, ex-
cept cell height, were greater in UD rats which also dis-
played far fewer segmental differences. In addition, con-

Fig. 1 Three-dimensional sum-
mary of the morphological
variations (cell height, apex ar-
ea, volume and nuclear con-
tent) due to diabetes and treat-
ment with insulin and/or pon-
alrestat. Each column repre-
sents the average epithelial cell
in the crypts or villi of a given
group (UD untreated diabetics,
ITD insulin-treated diabetics,
PTD ponalrestat-treated diabet-
ics, ITPTD insulin+ponalrestat-
treated diabetics; AMC age-
matched controls, given for ref-
erence). Cell heights and apex
areas are to scale and nuclear
volume is indicated by stip-
pling at the base of each col-
umn. Groups are arranged ver-
tically, and solid lires running
between columns indicate dif-
ferences (if any) in cell height
and width from those in AMC
rats. Running from left to right
is the crypt-villus axis, and bro-
ken lines indicate differences
(if any) in cell height and width
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trols contained 5.10 (0.62)x10° villous epithelial cells.
However, the dimensions and microvillous characteris-
tics of villous cells were not significantly different from
those in UD animals. STZ-diabetes affected the numbers
of crypt and villous cells equally (both were about 80%
higher than in age-matched control rats), so that the ratio
of villous:crypt cells was unaltered.

Effects of treatments

The structural quantities in the entire small intestine, and
the main and interaction effects of insulin and ponalre-
stat, are summarised in Tables 1-3 and Fig. 1.

Villi

Crypts

between crypts and villi within >
a group. For further details, see Within-group differences
text and Tables 1-3
Table 1 Cell number and ! A T
morphophenotype in crypt epi- Variable Experimental-diabetic groups
thelium of treated and untreat-
ed STZ-diabetic rats. Values ub ITD PTD ITPTD
are group means with SEM in
round brackets (UD untreated Cell number
diabetic rats, ITD, diabetic rats (x10% 5.91 (0.77) 2.14 (0.28) 3.65 (0.39) 1.61 (0.11)
treated daily with Ultralente in-  Cell height
sulin (sic }})1TD di]abetic ra{ts (1m) 21 (0.54) 21 (0.50) 22 (0.42) 21 (0.48)
treated with ponalrestat alone, Nuclear volume
ITPTD diabetic rats treated 3
with insulin--ponalrestat) (um3) 82 (10.0) 188 (14.4) 162 (13.6) 170 (18.0)
Cell volume
(pm3) 304 (37.9) 613(51.2) 543 (34.7) 609 (42.7)
Cell surface
without microvilli
(Lm?2) 14.8 (1.60) 30.2 (3.09) 24.7(1.73) 29.7 (1.56)
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Table 2 Cell number and

morphophenotype in villous Variable Experimental-diabetic groups
epitheli
Chtreated STZ diabetic rats. up ITD PTD ITPTD
Values are group means (SEM) Cell number
(x 109 9.14 (1.53) 2.43 (0.16) 4.64 (0.53) 2.31 (0.18)
Cell height
(um) 28 (1.29) 31(1.39) 32 (1.20) 30(0.84)
Nuclear volume
(Lm3) 74 (5.18) 203 (9.04) 197 (11.7) 189 (16.9)
Cell volume
(Lmd) 444 (45.8) 839 (40.7) 914 (75.8) 812 (59.3)
Cell surface without microvilli
(wm?) 16.0 (1.83) 27.8 (1.81) 29.2 (2.60) 27.1 (2.81)
Cell surface with microvilli
(Lm?) 214 (25.1) 426 (22.4) 414 (35.5) 394 (39.8)
Number of microvilli
per cell 560 (66.0) 891 (57.9) 1104 (103) 947 (97.0)
Villus : crypt cell number
ratio 1.81 (0.52) 1.21 (0.13) 1.33 (0.20) 1.45 (0.12)

Table 3 Results of two-way analyses of variance applied to struc-
tural quantities in treated and untreated STZ-diabetic rats (see Ta-
bles 1 and 2)

Variable Main and interaction effects
Insulin Ponalrestat Interaction

Cell number (x109)

Crypts P<0.001  P<0.01 NS

Villi P<0.001 P<0.01 P<0.05

Cell height (um)

Crypts NS NS NS

Villi NS NS NS

Nuclear volume (Jm?3)

Crypts P<0.001 P<0.05 P<0.01

Villi P<(.001 P<0.001 P<0.001

Cell volume, (um3)

Crypts P<0.001 P<0.05 P<0.01

Villi P<0.05 P<0.001 P<0.001

Cell surface without microvilli (um?)

Crypts P<0.001  P<0.05 P<0.05

Villi P<0.05 P<0.05 P<0.01

Cell surface with microvilli, (um?)

Villi P<0.01 P<0.05 P<0.01

Number of microvilli per cell

Villi NS P<0.01 P<0.01

In crypts, insulin injection had significant effects on
all variables except cell height (Tables 1, 3). Insulin re-
turned cell numbers towards normal levels but led to
further increases in cell size (nuclear volume, cell vol-
ume and cell apex area) beyond those due to induced di-
abetes. Ponalrestat also tended to normalise cell num-
bers and increase cell sizes further (see Fig. 1). There
were significant interaction effects between treatments
for cell volumes and apex areas (Table 3), with insulin
tending to have greater effects when given without pon-
alrestat.

On villi, insulin had significant effects on all variables
except cell height and number of microvilli per cell (Ta-
bles 2, 3). Cell numbers were reduced to below those
found in UD rats but also fell below values found in age-
matched controls. In contrast, volumes and apex areas
were greater than in UD rats and, by implication, greater
than normal (Fig. 1). The surface area and number of mi-
crovilli per cell were also greater than in UD rats. Pon-
alrestat had significant effects on all variables except cell
height. Again, cell numbers, but not cell dimensions, re-
turned towards normal values (Fig. 1). There were statis-
tically significant insulinxponalrestat interaction effects
on all quantities except cell height. In each case, insulin
treatment produced greater effects when given without
ponalrestat treatment.

The numerical ratio of villus:crypt cells was not al-
tered by insulin or ponalrestat treatments (since these did
not change during diabetes), and there was no interaction
effect between treatments.

Segmental differences

These are summarised in Table 4. For comparison, crypt
cell size and number in age-matched control rats tended
to be higher in proximal or mid-intestinal segments. Vil-
lous cells showed segmental trends for all variables ex-
cept the surfaces and numbers of microvilli per average
cell. STZ-diabetes abolished some of the segmental dif-
ferences, but not those related to crypt cell volumes or
the number of villous epithelial cells.

Insulin did not restitute normal segmental trends seen
in crypts and crypt cells but did normalise some of those
in villi. Similar results were found with ponalrestat,
which also restored normal trends in crypt cell volumes.
The combined use of insulin and ponalrestat returned
fewer segmental trends to normal patterns.
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Table 4 Results of Page’s L

trends test applied to segmental Variable Experimental-diabetic groups

estimates of structural quanti-

ties in treated and untreated Ub ITD PTD ITPTD

STZ-diabetic rat

HDEHe Tl Cell number (x10°)

Crypts NS NS NS NS
Villi P<0.05 P<0.05 P<0.05 P<0.05
Cell height (um)
Crypts NS NS NS P<0.01
Villi NS P<0.01 NS P<0.01
Nuclear volume (Um?)
Crypts P<0.05 NS P<0.05 NS
Vilii NS P<0.01 P<0.05 NS
Cell volume (m?)
Crypts NS NS P<0.05 P<0.01
Villi NS P<0.01 P<0.01 NS
Cell surface without microvilli (Lm?)
Crypts NS NS NS NS
Villi NS P<0.05 P<0.01 NS
Cell surface with microvilli (um?)
Villi NS P<0.01 P<0.01 P<0.05
Number of microvilli per cell
Villi P<0.05 P<0.01 P<0.01 NS

Vertical differences

As cells moved along the crypt-villus axis they became
more voluminous, and this could be attributed to changes
in cell height rather than girth (Tables 1, 2, Fig. 1).

Discussion

This study has quantified epithelial cell number and ul-
trastructure in crypts and villi of small intestines from
untreated, insulin-treated, ponalrestat-treated and insu-
lin+ponalrestat-treated diabetic rats. In previous studies
[60], we have shown that the adaptive response of crypts
in 12-week STZ-diabetic rats is hyperplastic and hyper-
trophic. Crypt cell number almost doubled and mean cell
volume rose by about 50%. In contrast, the villous re-
sponse invoived solely nett cell recruitment, the vil-
lus:crypt cell ratio being maintained and villi bearing
80% more cells of essentially normal morphology. In
passing from crypt to villus, the average cell became tall-
er and more voluminous but, at least in STZ-diabetic ani-
mals, not fatter.

Effects of treatments

Insulin and ponalrestat tend to reduce cell numbers
(though not necessarily to normal values), but fail to
maintain or restore normal cell phenotype. This is sur-
prising given previous findings that insulin therapy nor-
malises intestinal absorption, blood glucose levels, and
enzyme activities [10, 22, 46, 57] as well as villous sur-
face area and the volumes of villi and crypts [33, 36]. It
appears that the morphological changes that normalise

the volumes and absorptive surfaces of villi and volumes
of crypts are due to the presence of fewer but larger epi-
thelial cells. Ponalrestat failed to normalise villous sur-
face areas or crypt and villous volumes [36]. Indeed,
crypt volumes were greater than in UD rats. In this sense
at least, the effects of ponalrestat on the crypts are less
beneficial than those of insulin.

Studies on villous epithelial cells in STZ-diabetic rats
have demonstrated that insulin affects the extent to
which microvilli amplify the apical cell surface via
changes in their length, diameter and packing density
[55]. Ponalrestat influenced amplification mainly by al-
tering packing densities. Present results indicate that
these changes are accompanied by increases in the num-
ber and surface of microvilli per average cell in insulin-
and ponalrestat-treated animals and that these, in turn,
are determined by the increases in cell apex area. This
explains why the effects of insulin therapy normalise vil-
lous surface area and microvillous surface area in the
whole organ [33, 36, 55].

The insulin effects are intriguing. At the cellular lev-
el, its effects on crypts and villi are not markedly differ-
ent from those of ponalrestat, save for a more exaggerat-
ed depletion of cell number. Depletion of endogenous
insulin via administration of STZ appears to result in
cellular changes which are not restored by injection of
exogenous insulin and which vary somewhat between
crypts and villi. Depletion leads to increased cell num-
bers in crypts and on villi, but also to crypt cell hyper-
trophy without consequent changes in the volumes of
villous cells. Injecting exogenous insulin does not nor-
malise cell size. On the contrary, it leads to further cell
hypertrophy. Moreover, whilst it tends to normalise
crypt cell number, it produces below-normal comple-
ments of villous cells.



192

The exact role of insulin in the regulation of cell pro-
liferation is unclear. It is known to influence intestinal ab-
sorption of polyamines (which are important in intestinal
maturation and cell proliferation during weaning) and to
stimulate the rate-limiting enzyme of polyamine synthesis
(ornithine decarboxylase) in mature cells [9]. Inhibitors
of this enzyme prevent hyperplasia in STZ-diabetic rats
[58]. However, recent evidence suggests that whilst insu-
lin affects the expression of intestinal enzymes, it does
not have a major role in regulating cell proliferation [9,
17]. The latter could be mediated by insulin-like growth
factors (IGFs), which share a number of actions and ami-
no acid sequences with insulin and exhibit high levels of
expression on crypt cells [14, 16, 21, 26, 47]. However,
other growth factors may be involved [2].

Segmental differences

Although not detailed here, significant segmental trends
were detected in all groups of rats. Our findings for age-
matched controls [59] are consistent with longitudinal
gradients of villous morphology and activity described
by others in normal animals. Proximal segments are
more important in nutrient digestion and transport and
tend to have more cells, greater absorptive surface areas
and higher villus:crypt cell ratios [4, 24, 30, 34, 56, 59].

Various studies have shown that experimental diabe-
tes disturbs normal patterns of segmental variation by
having greater effects in distal segments [30, 33, 40, 46,
53, 54]. The present results suggest that insulin and pon-
alrestat, given singly or in combination, can restitute
some, but not all, of these regional differences.

Vertical differences

Observed increases in height, volume and apex area of
epithelial cells in passing from crypt to villous compart-
ments reinforce previous findings but underestimate the
differences involved, because they rely on average cell
data. In the functional zone of crypts, and on villi, cells
show changes in nuclear size, cell size, organelle content
and brush border enzyme activity [1, 3, 7, 8, 12, 15, 28§,
39, 44, 48-50].

It is interesting to note that there are minor differ-
ences in cell width, but major differences in height, as
cells pass from crypts to villi. This suggests that cell
width is determined before cells exit the crypt compart-
ment and that subsequent changes in volume during mi-
gration along the crypt-villus axis are mediated by alter-
ations in cell height. This is consistent with the con-
straints imposed on lateral variation in cell size by the
presence of tight junctions encircling villous epithelial
cells. The above applies to differences within a group.
However, it appears that between-group differences in
the volumes of villous epithelial cells are partly pre-set
by intracryptal changes in cell width, on which further
changes in cell height are superimposed.
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