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The purpose of this work was to study the effect of ursodeoxycholic acid (UDCA) on the morphological and functional
alterations in pancreatic islet �-cells in rats with diabetes induced by alloxan (150 mg kg�1, i.p.). UDCA (40 mg kg�1,
i.g.) was administered daily from the fifth to the 35th day after the alloxan treatment. The treatment of diabetic rats with
UDCA improved the pancreatic morphology disturbed by the alloxan treatment: UDCA increased the number of pancreatic
islets and �-cells, the �-/�-cell ratio and decreased the number of �-cells. As the morphometric data suggest, the treatment
of diabetic animals with UDCA significantly increased the area of �-cell cytoplasmatic granules stained by paraldehyde–
fuchsin. The concentration of blood glucose in diabetic rats was gradually decreased after the UDCA treatment, and at the
end of the experiment reached the control value. The treatment with UDCA raised the serum insulin level in diabetic rats
about 2.5-fold, but this concentration was significantly lower as compared to the control group. The content of lipid perox-
idation end-products, hydroxyalkenals and malondialdehyde, was significantly elevated in the alloxan-treated rats, whereas
the treatment with UDCA normalized these parameters. The present data indicate that UDCA acts as an effective antidia-
betic agent in alloxan-induced diabetes and its beneficial effects in diabetic rats can be related to the antioxidant properties of
UDCA. Copyright # 2003 John Wiley & Sons, Ltd.
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INTRODUCTION

There is much evidence to indicate that reactive oxy-
gen species are involved in the pathogenesis of dia-
betes mellitus, whether induced by diabetogenic
drugs (e.g. alloxan, steptozotocin) or produced by
autoimmune mechanisms.1 Oxidative stress is the
main cause of pancreatic �-cell necrosis that develops
within a few minutes after injection of the drug and in
turn, leads to alloxan-induced diabetes.2

The hyperglycemia, resulting from diabetes, also
brings about a rise in oxidative stress due to genera-
tion of reactive oxygen species during auto-oxidation

of carbohydrates.3 The increase in glycation of pro-
teins4 and lipids5 can enhance lipid peroxidation
in vitro and in vivo. These mechanisms are responsible
for the diabetic complications and tissue damage
which are associated to a great extent with membrane
damage by reactive oxygen species and aldehydic pro-
ducts of lipid peroxidation, as well as by glycation of
proteins and lipids.1

Antioxidants and metal chelators prevent alloxan-
induced diabetes when injected together with or prior
to alloxan treatment.6,7 Treatment with antioxidants
and scavengers of reactive oxygen species inhibits
the development of complications and tissue damage
in diabetic patients and experimental animals.3,7

Ursodeoxycholic acid (UDCA) has been used for
many years in the treatment of cholestatic liver dis-
eases.8 Recently published data from different labora-
tories have characterized clear-cut antioxidative
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properties of UDCA.9–11 The work described in the
present paper was undertaken to assess if UDCA as
an antioxidant and a membrane protector could be
effective in reducing morphological and functional
alterations in pancreatic islet �-cells in a rat model
of alloxan-induced diabetes.

MATERIAL AND METHODS

Chemicals

UDCA was provided by Dr. Falk Pharma e.v. (Frei-
burg, Germany). All the other chemicals were of
reagent grade, purchased from Sigma (USA) and from
ICN (USA).

Animals and diet

Male albino Wistar rats weighing 160–180 g were
used. The animals were fed on a balanced stock pellet
diet No. 55B20 (Belarus) containing 11.4% protein,
75.5% carbohydrate and 2.85% fat. Food and water
were provided ad libitum. Two groups of the animals
were treated with a single injection of alloxan
(150 mg kg�1 b.w., intraperitoneally), whereas the
control animals received a single intraperitoneal injec-
tion of the same volume of saline. Each group con-
sisted of eight animals. One of the diabetic groups
received daily a 0.5% (w/w) suspension of UDCA in
0.95% NaCl (40 mg kg�1 b.w.) by intragastric intuba-
tions between 10.00 and 11.00 hours every day
throughout the experimental period. The rats received
UDCA from the fifth day after the alloxan treatment
when an increase in blood glucose had developed.
Only rats having blood glucose concentrations of over
20.0 mmol l�1 after the alloxan treatment were used in
further studies. The control and the diabetic UDCA-
free group received an equivalent amount of water
intragastrically. The duration of the UDCA treatment
was 30 days.

Histology and morphometry

Pancreas samples were fixed in Bouin’s solution and
embedded in paraffin wax. Sections of pancreas were
stained with paraldehyde–fuchsin (the Gomori reac-
tion). The number of pancreatic islets was calculated
per mm2 of each section.

A morphometric analysis was performed to quanti-
tate cytoplasmic granules of �-cells stained by para-
ldehyde–fuchsin. Microscopic pictures of the stained
pancreas specimens were taken at 60�magnification,
and the images were scanned by an image analysing

system (MZFU-2M, LOMO, St Petersburg, Russia)
after automatic segmentation of the stained areas. Five
specimens were obtained from each rat. Results were
expressed as a ratio of the surface stained by paralde-
hyde–fuchsin to the total area examined. The results
of the stepwise distribution of the surface density of
the �-cell granules are presented as histograms.

Glucose and insulin content

The dynamics of glucose was determined weekly in
blood from the tail vein by means of a Companion 2
blood glucose testing system (MediSence, USA). At
the end of the experiment, blood glucose was mea-
sured enzymically using o-tolidine as the final oxygen
acceptor. Serum samples were assayed by radioimmu-
noassay using crystalline mouse insulin as standard
with a ‘Rio-Ins-PG-J’ kit (Institute of Bioorganic
Chemistry, Minsk, Belarus) with 125I-labelled insulin.

Lipid peroxidation products

Liver carbonyl products of lipid peroxidation were
derivatized with 2,4-dinitrophenylhydrazine as des-
cribed by Poli and coworkers.12 Liver homogenates
(5 ml) were mixed with dinitrophenylhydrazine
reagent (0.34 mg ml�1 in 1 M HCl) and allowed to
react for 2 h (at 20�C in the dark). The reaction mix-
tures were centrifuged at 3000 g and the dinitrophe-
nylhydrazones formed were extracted separately
from the supernatants with 10 ml methylene dichlor-
ide and from the pellets which were homogenized in
10 ml of chloroform/methanol (2:1 v/v). The chloro-
form/methanol extracts were washed with water, the
chloroform layers and the corresponding methylene
dichloride extracts were pooled and dried in a rotary
evaporator.

The complete mixtures of liver dinitrophenylhydra-
zones were separated into polar and non-polar classes
by thin-layer chromatography using 20� 20 cm silica
gel G 60 precoated plates, 0.25 mm thickness of the
gel layer. Methylene dichloride and benzene were
used for the first and the second mobile phases,
respectively. The non-polar hydrazones were sepa-
rated by thin-layer chromatography into three classes:
4-hydroxyalkenals (zone I), ozazones (zone II), alke-
nals, alkanals and ketones (zone III). These classes
were identified using known standards. The individual
fractions were scraped off and extracted with metha-
nol for spectrophotometric determination at 365 nm.
Malondialdehyde (MDA) concentration was mea-
sured as thiobarbituric acid-reacting substances using
a standard thiobarbituric acid test.13
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Statistical analysis

The statistical analysis was carried out as analysis of
variance (ANOVA). All the results are presented as
the mean� standard error of the mean (M� SEM).
A P-value of 0.05 was considered statistically signifi-
cant.

RESULTS

Histology and morphometry

The pancreatic islets were smaller in the alloxan-trea-
ted group when compared with the control group. The
number of the islets of Langerhans per 10 mm2

decreased more than two-fold in diabetic rats
(Table 1). The number of �-cells in the diabetic group
was also lowered, whereas the number of �-cells was
increased. Therefore, the �-/�-cell ratio was dramati-
cally decreased in the alloxan-treated animals as com-
pared to the control group. The treatment of the
diabetic rats with UDCA (40 mg kg�1 b.w.) increased
the number of islets and �-cells, the �-/�-cell ratio
and decreased the number of �-cells. However, these
parameters were lower than in the control animals.

The cytoplasmic granules of �-cells in the control
group were stained intensely by paraldehyde–fuchsin
in the Gomori reaction (Figure 1A), whereas the
majority of �-cells in the diabetic rats demonstrated
a very faint staining of the cytoplasm (Figure 1B).
The intensity of the staining of �-cell secretory gran-
ules in the pancreas of UDCA-treated rats was inter-
mediate between those in the control and diabetic
groups (Figure 1C).

The morphometric data confirmed the decrease of
the area of cytoplasmatic granules stained by paralde-
hyde–fuchsin in the alloxan-treated rats compared to
the control group (Table 1). The treatment of the dia-
betic animals with UDCA increased this parameter to

Table 1. Quantitative characterization of pancreatic morphology
in rats treated with alloxan and UDCA

Control Alloxan AlloxanþUDCA
(n¼ 8) (n¼ 8) (n¼ 8)

Number of 13.22� 1.98 5.65� 1.00* 8.70� 0.80y

islets (10 mm2)�1

�-cells (%) 26.60� 2.25 59.20� 4.61* 43.4� 1.52*y

�-cells (%) 73.40� 2.25 40.80� 4.62* 56.6� 1.52*y

�/�-ratio 2.86� 0.28 0.73� 0.31* 1.31� 0.08*y

Square of stained 0.85� 0.044 0.50� 0.081* 0.74� 0.066y

secretory granules
(% of total area)

*P< 0.05 compared to the control group.
yP< 0.05 compared to the alloxan-treated group.

Figure 1. Pancreatic structure in rats administered with alloxan
and UDCA. (A) control. An islet of Langerhans is in the centre of
the picture and intense staining of �-cell cytoplasmatic secretory
granules can be seen. (B) Alloxan treatment. A dramatic decrease in
the number of granules and single hypertrophied �-cells containing
granules can be observed. (C) Alloxan and UDCA treatment. The
disappearance of the granules is reversed. Staining with para-
ldehyde–fuchsin. � 400
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a value which did not differ significantly from the con-
trol value.

Figure 2 shows the distribution histograms of the
amount of cytoplasmic granules as a function of pan-
creatic islet �-cells. The histogram of the control
group (Figure 2A) represents a Gaussian distribution
and shows a peak at about 0.8 mm2, whereas in the
alloxan-treated group (Figure 2B) the distribution is
asymmetric with a peak at 0.2 mm2. In the UDCA-
treated diabetic rats (Figure 2C), the histogram returns
to asymmetrical distribution with a peak at 0.8 mm2.

Biochemical investigations

Figure 3 shows that the blood glucose level after the
treatment with alloxan ranged between 25 and
30 mmol l�1 throughout the experiment, whereas the

control value was about 3–6 mmol l�1. The concentra-
tion of glucose gradually decreased after the UDCA
treatment, and at the end of the experiment (35 days
after the alloxan injection and 30 days of the UDCA
treatment) reached the control value (Figure 3; Table 2).

The serum insulin content decreased dramatically
(more than four-fold) in alloxan-treated rats (Table 2)
as detected by RIA analysis. Treatment with UDCA
raised the serum insulin level in diabetic rats about
2.5-fold, but this concentration was significantly
lower than that in the control group.

The content of lipid peroxidation end-products,
hydroxyalkenals (with 90% being represented in the
liver by 4-hydroxynonenal12) and MDA, was signifi-
cantly enhanced in the alloxan-treated rats, whereas
treatment with UDCA normalized these parameters
(Table 2).

Figure 2. Histograms characterizing the distribution of the optical
density of cytoplasmic granules stained with paraldehyde–fuchsin
in pancreatic �-cell islets. (A) control; (B) alloxan treated; (C)
alloxan and UDCA treated

Figure 3. Effect of alloxan-induced diabetes and treatment with
UDCA (daily 40 mg kg�1 b.w.) over 30 days on the dynamics of
blood glucose concentration (mmol l�1) in rats. (A) control; (B)
alloxan treated; (C) alloxan and UDCA treated

Table 2. Blood glucose, serum insulin and aldehydic products of
lipid peroxidation contents in the liver of rats treated with alloxan
and UDCA

Control Alloxan AlloxanþUDCA
(n¼ 8) (n¼ 8) (n¼ 8)

Blood glucose 5.1� 0.62 28.6� 2.23* 6.3� 0.57
(mmol l�1)
Serum insulin 20.9� 3.24 4.8� 1.12* 11.8� 2.27*y

(mIU ml�1)
MDA 0.96� 0.074 2.21� 0.152* 1.24� 0.089y

(nmol TBARS g�1)
Hydroxyalkenals 1.15� 0.086 2.36� 0.187* 1.43� 0.095y

(nmol g�1)

*P< 0.05 compared to the control group.
yP< 0.05 compared to the alloxan-treated group.
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DISCUSSION

As the data obtained show, UDCA completely nor-
malized the blood glucose level in alloxan-treated
rats. The hypoglycemic effect of UDCA in the dia-
betic group was directly associated with an increased
insulin release by the secretory granules. Indeed,
UDCA not only increased the concentration of serum
insulin, but also partially restored the number of pan-
creatic islets, �-cells and cytoplasmic secretory gran-
ules of �-cells which produce insulin.

Electron microscopy studies by other workers on
mice treated with alloxan showed a preventive effect
of UDCA on prediabetic pancreatic injury which was
not accompanied by statistically significant changes in
blood glucose in any of the experimental groups (con-
trol, UDCA, alloxan, alloxan and UDCA).14,15 These
workers also showed that UDCA prevented �-cell
destruction, depletion of secretory granules after dia-
crine and eruptocrine secretion, degeneration of �-cell
mitochondria and Golgi apparatus. In our study, rats
with markedly pronounced alloxan-induced diabetes
were used where the blood glucose concentration ran-
ged between 20 and 30 mmol l�1. A major part of both
the Langerhans islets and their �-cells in alloxan-trea-
ted rats was destroyed. The number of cytoplasmic
secretory granules of �-cells in these rats was drama-
tically decreased and their distribution was heteroge-
neous as shown in the corresponding histogram. The
depletion of the granules led to decreased insulin
secretion and hyperglycemia, which suggests devel-
opment of pronounced alloxan diabetes.

UDCA is traditionally considered to be a drug
which alleviates cholestatic liver injury.16 Hydropho-
bic bile salts, whose concentration dramatically
increases in cholestatic liver, are actively incorporated
into the lipid bilayer of liver membranes. The bile
salt–membrane interactions induce liver membrane
damage and, subsequently, their disruption, which,
in turn, explains hydrophobic bile acid hepatotoxicity.
The existing hypothesis regarding the hepatoprotec-
tive effect of UDCA in cholestatic liver diseases, sug-
gests that UDCA largely replaces hydrophobic bile
acid in liver membranes and, being a hydrophilic bile
acid, stabilizes their structure and functions.17

Several authors have now reported that UDCA can
be beneficial for patients with alcoholic liver dis-
eases18 and for experimental animals with alcoholic
steatosis.19,20 Because signs of cholestasis do not
accompany alcoholic liver injury, this phenomenon
could not be explained by interactions of UDCA with
hydrophobic bile acids and hence other mechanisms
are likely to be involved in hepatoprotection by

UDCA. Several authors believe that the protective
action of UDCA in alcoholic liver disease could be
realized via an improvement in mitochondrial struc-
ture and functions,21 a normalization of prostaglandin
production and essential fatty acid content20 and an
antioxidant effect of UDCA.9

The antioxidant effects of UDCA have been studied
intensively during the last decade. Investigators have
not found an effect of UDCA either on superoxide
anion production in monocytes of UDCA-treated
patients with cholestatic liver disease or on the cells
of healthy persons preincubated with UDCA.22

UDCA did not affect the malondialdehyde formation
by cultured macrophages and the generation of reac-
tive oxygen species in rat liver mitochondria, but it did
prevent the prooxidant effect of hydrophobic bile
acids in both macrophages23 and mitochondria.24

However, UDCA prevented reduced glutathione
depletion in cultured hepatocytes treated with either
hydrogen peroxide or cadmium.25 Thus, the experi-
ments in vitro did not demonstrate a clear antioxidant
effect of UDCA. In contrast, in studies in vivo UDCA
acts as an effective antioxidant. In rats with alcoholic
steatosis UDCA decreased mitochondrial19 and
microsomal9 end-products of lipid peroxidation, pre-
vented oxidation of polyunsaturated fatty acids and
stabilized liver cell membranes20 also suggestive of
an antioxidant effect of UDCA. UDCA decreased pro-
ducts of lipid peroxidation in the liver of rats with bile
duct ligation.10 In the liver of rats with oxidative stress
caused by �-irradiation, UDCA normalized superox-
ide dismutase activity, the content of superoxide radi-
cals and carbonyl-containing products of lipid
peroxidation and decreased the chemiluminescence
of microsomes enhanced by both luminol and luci-
genin and prevented reduction of glutathione deple-
tion caused by �-irradiation.11 The differences
which have been found between the results obtained
in in vivo and in vitro experiments, suggest that the
antioxidant effect of UDCA is probably realized via
UDCA metabolites.

Being a potent generator of reactive oxygen spe-
cies, alloxan destroyed insulin-producing �-cells by
an oxidative mechanism. This process also involves
superoxide radical and hydrogen peroxide production
by alloxan.26 Moreover, free radicals are intensively
formed in diabetes during auto-oxidation of glucose
and glycosylated proteins.1 Antioxidants prevent
alloxan-induced �-cell damage and restore the blood
glucose concentration and the antioxidant status to
nearly normal levels. This effect has been described
for melatonin,27 vitamin E,28 �-carotene,29 sily-
marin,30 N-acetylcysteine31 and a great number of
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other antioxidants. We believe that the antioxidant
effect of UDCA which has been confirmed in our
experiments, may be an important mechanism in
restoring alloxan-induced pancreatic �-cells damage.

In a manner similar to alloxan-induced diabetes,
oxidative stress plays an important role in the patho-
genesis of type 1 (insulin-dependent) diabetes in
patients, and activation of lipid peroxidation which
usually accompanies this pathology. We can conclude
that UDCA as a well-known drug in the clinic, might
be used in diabetic patients to alleviate the dysfunc-
tions caused by diabetes and to lower oxidative stress
via its antioxidant properties.
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