690 Biomed Environ Sci, 2020; 33(9): 690-700

.. . T EEES
Original Article \E\SJ Ity
Biomedical and

Environmental Sciences

Silymarin Attenuates Hepatic and Pancreatic Redox
Imbalance Independent of Glycemic Regulation in the
Alloxan-induced Diabetic Rat Model

Miranda Laise Mara Oliveira', Agostini Livia da Cunha’, Lima Wanderson Geraldo de’,

Camini Fernanda Caetano4, and Costa Daniela Caldeira®”

1. Programa de Pos-graduagdo em Saude e Nutri¢do, Escola de Nutri¢do, Universidade Federal de Ouro Preto,
Ouro Preto, Minas Gerais 35400-000, Brazil; 2. Escola de Farmacia, Universidade Federal de Ouro Preto. Ouro
Preto, Minas Gerais 35400-000, Brazil; 3. Laboratorio de Morfopatologia, Departamento de Ciéncias Biologicas,
Universidade Federal de Ouro Preto, Ouro Preto 35400-000, Brazil; 4. Programa de Pos-graduagdo em Ciéncias
Biologicas, Nucleo de Pesquisas em Ciéncias Bioldgicas, Universidade Federal de Ouro Preto. Ouro Preto 35400-
000, Brazil; 5. Laboratorio de Bioquimica Metabdlica, Departamento de Ciéncias Biologicas, Universidade Federal
de Ouro Preto, Ouro Preto 35400-000, Brazil

Abstract

Objective To evaluate the efficiency of silymarin (SMN) in modulating metabolic parameters and redox
status in rats with type 1 diabetes mellitus (TLDM).

Methods Diabetes was induced by intraperitoneal injection of alloxan. The diabetic rats were
administered with SMN at doses of 50 and 100 mg/kg body weight/d for 30 consecutive days. The rats
were divided into the following four groups: vehicle control, diabetic (alloxan-treated), DS50 (alloxan +
50 mg/kg body weight/d of SMN), and DS100 (alloxan + 100 mg/kg body weight/d of SMN) groups. The
bodyweight and food and water intake were evaluated. After 30 d, the animals were euthanized and the
blood was collected for measuring the serum levels of glucose, triacylglycerol (TAG), urea, and
creatinine. The liver and pancreas were collected for measuring the activities of superoxide dismutase
(SOD) and catalase (CAT), and the levels of carbonylated protein (PC). The pancreas sample was also
used for histological analysis.

Results SMN reduced hepatic (P < 0.001) and pancreatic (P < 0.001) protein damage and creatinine
levels (P = 0.0141) in addition to decreasing food (P < 0.001) and water intake (P < 0.001). However,
treatment with SMIN did not improve beta-cell function or decrease blood glucose levels in diabetic rats.

Conclusion SMN improved polyphagia and polydipsia, renal function, and protected the liver and
pancreas against protein damage without affecting hyperglycemia in diabetic animals.
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INTRODUCTION children and adolescents. TIDM, which is caused

due to insulin insufficiency, is induced by the

ype 1 diabetes mellitus (TIDM) is a destruction of pancreatic beta-cells™. Globally,
T metabolic disease characterized by chronic T1DM is considered an epidemic and a major threat
hyperglycemia, which usually affects to public health. In 2017, the International Diabetes
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Federation (IDF) estimated that approximately 1.1
million children and adolescents had TIDM and that
425 million individuals aged between 20 and 79
years had diabetes worldwide™.

Good glycemic control is important to prevent
the exacerbation of complications related to
T1DM®, However, the control of hyperglycemia is
rarely achieved™. Chronic hyperglycemia in diabetes
can induce several metabolic signaling pathways,
including glucose oxidation pathway, polyol
pathway, and biosynthetic pathway of advanced
glycation end products (AGEs)”. The complications
of diabetes are usually developed over time due to
the dysfunction and failure of different systems,
especially the heart, eyes, kidneys, nerves, and blood
vessels®. The pathways triggered by hyperglycemia
promote the production of reactive oxygen species
(ROS) and decrease the levels of antioxidants. These
metabolic changes result in microvascular and
macrovascular complications in patients with
diabetes, which are mainly caused due to the redox
imbalance®. Patients with TIDM exhibit increased
plasma and urinary levels of oxidation reaction
products, such as lipid peroxidation products and
protein carbonylation[g’lo].

As oxidative stress and diabetes are
correlated™, several alternative treatments have
been investigated to support the conventional
disease treatment, such as the use of antioxidant
compoundsm’“] and phytotherapeutics or plant
extracts™ . Silymarin (SMN) is reported to exhibit
antioxidant and anti-inflammatory properties[19'21].

SMN is a natural extract obtained from the fruits
and seeds of Silybum marianum, which is popularly
known as milk thistle. SMN comprises seven
flavonolignans (silybin A, silybin B, isosilybin A,
isosilybin B, silychristin, isosilychristin, and silydianin)
and the flavonoid taxifolin®. SMN is reported to
exert hepatoprotective activity and antioxidant
effects by inhibiting free radical production during
the metabolism of toxic substances'”.

Thus, the antioxidant properties of SMN can be
potentially therapeutic for various diseases. This
study aimed to evaluate the effect of SMN on the
modulation of hepatic and pancreatic redox status
and the regulation of metabolism in the alloxan-
induced type 1 diabetic rat model.

MATERIALS AND METHODS

Chemicals

Alloxan (2,4,5,6-tetraoxypyrimidine; 5,6-

dioxyuracil) and SMN (#50292) were purchased from
Sigma-Aldrich® (St. Louis, MO, USA). The kits for
estimating the levels of triacylglycerol (TAG),
creatinine, urea, and glucose were purchased from
LABTEST® (Lagoa Santa, MG, Brazil).

Animals and Experimental Design

Thirty-four albino female Fischer rats aged
approximately 8-week-old with an average weight
of 180 g were procured from the Experimental
Nutrition Laboratory of the Nutrition School of
Ouro Preto Federal University. The experimental
procedure was approved by the Animal Use Ethics
Committee (CEUA) from University Federal de
Ouro Preto (protocol No. 6474200418). The rats
were housed in cages with controlled
temperature, luminosity, and humidity. The
animals received water and food ad libitum. The
rats were then divided into the following four
groups: vehicle control group, received 1 mL
vehicle (carboxymethylcellulose); diabetic group,
received 1 mL of vehicle; DS50 group, received
50 mg/kg body weight/d of SMN; and DS100
group, received 100 mg/kg body weight/d of SMN.
After the induction of diabetes was confirmed,
SMN solubilized in carboxymethylcellulose was
administered by orogastric gavage for 30
consecutive days.

At the end of the experimental period, the
animals were anesthetized by Isoforine® (Cristalia,
Itapira, SP, Brazil) inhalation and euthanized. The
blood samples were collected to obtain serum,
which was used to perform biochemical analyses.
The liver and pancreas were collected and stored
at -80 °C to evaluate the activity of the
antioxidant enzymes superoxide dismutase (SOD)
and catalase (CAT), and the oxidative damage
marker carbonylated protein (PC). Additionally,
the pancreas sample was stored in 4% formalin
solution for histological and immunohistochemical
analyses (Supplementary Figure S1, www.
besjournal.com).

Diabetes Induction

The rats were intraperitoneally injected with
alloxan (135 mg/kg body weight) dissolved in 0.2 mL
of 0.9% NaCl to induce diabetes. The control animals
were intraperitoneally injected with 0.9% NaCl. At
day 3 post-alloxan administration, the induction of
diabetes was confirmed by analyzing the blood
glucose levels. The animals with blood glucose levels
above 300 mg/dL (16 mmol/L) were considered
diabetic®**,
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Biochemical Parameters

The blood samples were collected for
biochemical analysis. The serum levels of glucose,
TAG, creatinine, and urea were measured using the
respective  commercial laboratory kits from
LABTEST® (Lagoa Santa, MG, Brazil).

Determination of SOD and CAT Activity

To determine the activities of SOD and CAT,
100 mg of tissue was homogenized in phosphate
buffer (pH 7.2). The indirect SOD activity assay was
performed following the methods of Marklund and
Marklund®®. The principle of this assay is based on
the competition between SOD and superoxide
radical, which is formed due to the self-oxidation of
pyrogallol, to reduce 3-[4,5-dimethylthiazol-2-yl]-2,
5-diphenyltetrazolium bromide (MTT) to formazan
crystals. The principle of CAT activity assay is based
on the ability of CAT to convert hydrogen peroxide
(H,0,) into water and molecular oxygen””.

Determination of PC Levels

The levels of PC were measured using 2,4-
dinitrophenylhydrazine (DNPH), following the
methods of Levine et al.”®\. PC reacts with carbonyl
groups to generate the corresponding hydrazine that
can be spectrophotometrically analyzed. For dosage
correction, the protein level was measured by the
Lowry method™.

Histopathological Parameters

The pancreatic tissue sections were fixed in 4%
buffered formalin. The sections were dehydrated in
a graded series of alcohol and embedded in paraffin.
Subsequently, the samples were sectioned into 4-um
thick sections. The sections were stained with
hematoxylin and eosin (H&E). The insulin levels were
quantified by immunohistochemical analysis using
the primary anti-insulin antibody [# 12018, Sigma-
Aldrich® (St. Louis, Mo.)]. The slides were imaged
under a light microscope. The total number of islet
cells and the insulin immune-positive area were
analyzed using Imagel® (National Institutes of
Health, NIH).

Statistical Analysis

The normality of the data was analyzed by the
Kolmogorov—Smirnov test. The data are expressed as
the mean * standard error of the mean (SEM) or
median and interquartile range. The data were
analyzed by one-way analysis of variance (ANOVA),
followed by Bonferroni post-hoc test for multiple

comparisons. All statistical analyses were performed
in GraphPad Prism 6.0® for Windows (GraphPad, San
Diego, CA, USA). The differences were considered
statistically significant when the P-value was less
than 0.05.

RESULTS

Effect of SM on Bodyweight and Food and Water
Intake

The characteristic symptoms of T1DM are
bodyweight loss, polyphagia, and polydipsia. As
shown in Figure 1, these symptoms were observed in
the diabetic, DS50, and DS100 groups. The diabetic,
DS50, and DS100 groups exhibited a higher
bodyweight loss than the vehicle control group
(Figure 1A). The DS100 group exhibited the lowest
loss of bodyweight among the diabetic groups
although there was no significant difference in the
bodyweight loss between these groups (P > 0.05). As
shown in Figures 1B and 1C, the diabetic, DS50, and
DS100 groups exhibited a significant increase in food
and water intake when compared to the vehicle
control group. Compared to the diabetic group, the
DS50 and DS100 groups exhibited a decrease in the
food and water intake. The food intake of DS100
group was similar to that of vehicle control group
(Figure 1B) (P > 0.05).

Biochemical Parameters

The serum levels of glucose, TAG, urea, and
creatinine in the diabetic, DS50, and DS100 groups
were higher than those in the vehicle control group
(Table 1). The DS50 group exhibited significantly
lower creatinine levels than the diabetic group.

Markers of Redox Status in Liver and Pancreatic
Tissues

As shown in Figure 2A, the diabetic, DS50, and
DS100 groups exhibited a significantly higher hepatic
SOD activity than the vehicle control group. The
diabetic, DS50, and DS100 groups exhibited a
significant decrease in the hepatic CAT activity when
compared to the vehicle control group (Figure 2B).
The diabetic group exhibited a significant increase in
the hepatic concentration of PC when compared to
the vehicle control, DS50, and DS100 groups
(Figure 2C). The DS50 and DS100 groups exhibited
lower levels of hepatic PC than the diabetic group.

The effect of SMN on pancreatic redox status
markers is shown in Figure 3. Compared to the
vehicle control group, the pancreatic SOD activity
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Figure 2. Silymarin (SMN) alleviates oxidative
damage to proteins in the liver tissue. (A) The
hepatic superoxide dismutase (SOD) activity in
different groups [a indicates significance for
the following comparisons: C vs. D (P =
0.0002), C vs. DS50 (P = 0.0007), and C vs.
DS100 (P < 0.0001)]. (B) The hepatic catalase
(CAT) activity in different groups [a indicates
significance for the following comparisons: C
vs. D (P < 0.0001), C vs. DS50 (P = 0.0007), and
C vs. DS100 (P= 0.0019)]. (C) The hepatic
carbonylated protein (PC) level in different
groups [a indicates significance for the
following comparisons: C vs. D (P = 0.0177),
while b indicates significance for following
comparisons: D vs. DS50 (P < 0.0001), D vs.
DS100 (P = 0.0028), C vs. DS50 (P = 0.1389),
and C vs. DS100 (P > 0.9999)]. C, vehicle
control group (untreated); D, diabetic group
(alloxan-treated); DS50, group treated with
alloxan + 50 mg/kg bodyweight/d of SMN;
DS100, group treated with alloxan + 100 mg/kg
bodyweight/d of SMN. The data are expressed
as mean t standard error of mean. The data
are analyzed by one-way analysis of variance
(ANOVA), followed by the Bonferroni post-hoc
test. Different letters indicate statistical
differences (P < 0.05).
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Figure 3. Silymarin (SMN) alleviates oxidative
damage to proteins in the pancreatic tissue.
(A) The pancreatic superoxide dismutase (SOD)
activity in different groups (a indicates
significance for the following comparisons: C
vs. D (P =0.0021), C vs. DS50 (P < 0.0001), and
C vs. DS100 (P < 0.0001)). (B) The pancreatic
catalase (CAT) activity in different groups [a
indicates significance for the following
comparisons: Cvs. D (P <0.0001), C vs. DS50 (P
< 0.0001), and C vs. DS100 (P < 0.0001)]. (C)
The pancreatic carbonylated protein (PC) level
in different groups [a indicates significance for
the following comparisons: C vs. D (P =
0.0415); b, D vs. DS50 (P = 0.0023), D vs. DS100
(P = 0.0001), C vs. DS50 (P = 0.7969), and C vs.
DS100 (P = 0.0943)]. C, vehicle control group
(untreated); D, diabetic group (alloxan-
treated); DS50, group treated with alloxan + 50
mg/kg bodyweight/d of SMN; DS100, group
treated  with  alloxan + 100 mg/kg
bodyweight/d of SMN. The data are expressed
as mean t standard error of mean. The data
were analyzed by one-way analysis of variance
(ANOVA), followed by the Bonferroni post-hoc
test. Different letters indicate statistical
differences (P < 0.05).



Silymarin attenuates redox imbalance in diabetic rats

695

was decreased in the diabetic, DS50, and DS100
groups (Figure 3A). Similarly, the diabetic, DS50, and
DS100 groups exhibited a decreased pancreatic CAT
activity when compared to the vehicle control group
(Figure 3B). The pancreatic levels of PC in the
diabetic group were higher than those in the vehicle
control group (Figure 3C). The DS50 and DS100
groups exhibited lower pancreatic levels of PC than
the diabetic group.

Histopathological Parameters

Figure 4A-D present the histopathological
evaluation of representative H&E-stained pancreatic
tissues by light microscopy. There were no significant
differences in the histological features of the
pancreatic tissue among the experimental groups
(P > 0.05). The number (Figure 4E) and area
(Figure 4F) of the pancreatic islets in the diabetic,
DS50, and DS100 groups were significantly lower
than those in the vehicle control group.

The insulin  immune-positive area in the
histological sections of pancreatic islets from the
experimental groups is shown in Figure 5. The
diabetic, DS50, and DS100 groups exhibited a
significantly lower area of pancreatic islets than the
vehicle control group (Figure 5E).

DISCUSSION

In this study, treatment with SMN attenuated
redox imbalance and improved renal function in
diabetic animals, in addition to minimizing
symptoms of polyphagia and polydipsia. In short,
SMN reduced hepatic and pancreatic protein
damage, creatinine levels, and decreased food and
water intake. However, treatment with SMN did not
improve beta-cell function or decrease
hyperglycemia in diabetic animals.

Several studies have investigated the role of
medicinal plants exhibiting antioxidant properties
have attempted to minimize oxidative stress and
diabetic complicationslao’sll. SMN, which exhibits
antioxidant properties, can be a potential candidate
to alleviate oxidative stress and metabolic
abnormalities observed in diabetes®?.

Sustained hyperglycemia is reported to promote
ROS generation in patients with diabetes and is
closely related to the development of microvascular
and macrovascular complications[7’33’34]. The alloxan-
induced diabetic model exhibits increased ROS
levels, which result in redox imbalance®. Treatment
with alloxan results in hyperglycemia,
hypertriglyceridemia, and impaired renal function in

diabetic animals (Table 1), which leads to metabolic
changes that manifest through bodyweight loss and
increased food and water intake (Table 1).

The weight loss observed in diabetic animals can
be due to polyuria and dehydration, as well as
hyperglycemia, which enhance muscle protein
catabolism® and TAG mobilization in the adipose
tissue. In this study, the diabetic group, which
exhibited high bodyweight loss, had increased blood
glucose levels and serum TAG levels. This indicates
enhanced mobilization of TAG in the adipose tissue.
Additionally, the diabetic group exhibited increased
urea levels, which may indicate increased protein
catabolism (Table 1), and high dehydration as
evidenced by increased water intake (Figure 1).
Treatment with SMN prevented the loss of
bodyweight, likely due to its ability to decrease the
daily urine volume, which led to less dehydration
and consequently less water intake (Figure 1), as
opposed to being caused by the reduction in blood
glucose since animals treated with both doses of
SMN did not reduce blood glucose (Figure 1A). These
results are with those of Malekinejad et al. (2012)
who reported that SMN prevented diabetes-induced
bodyweight loss by decreasing daily urine volume
without affecting the blood glucose level in diabetic
animals®®.

Glycosuria is known to induce osmotic diuresis
and dehydration, which predispose the animals to
acute renal failure and consequently enhanced
creatinine levels®”*®. In this study, treatment with
SMN did not decrease the serum urea levels.
However, treatment with SMN mitigated the
alloxan-induced enhanced creatinine levels. Tuorkey,
et al.?” also assessed the serum creatinine levels in
an experimental type 2 diabetes model and
demonstrated that treatment with SMN (120 mg/kg
bodyweight/d) for 10 d decreased the creatinine
levels.yweight/d) for 10 d decreased the creatinine
levels.

The liver, an organ involved in central
metabolism, is the site of oxidation and
detoxification processes during the early stages of
many diseases, including diabetes™”. The results of
this study demonstrated that diabetic rats were
associated with an imbalance in the activities of
hepatic SOD and CAT (Figure 2A and 2B), which
resulted in increased hepatic PC levels (Figure 2C).
Oxidative damage is reported to stimulate the
expression of antioxidant enzymes to minimize
redox imbalance. In the liver of diabetic mice,
hyperglycemia may increase antioxidant enzyme
expression but impairs the activities of these
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enzymes, which facilitates ROS-mediated tissue decreased hepatic CAT activity and increased hepatic
damagem]. SOD activity. The partial or complete inactivation of
In this study, the diabetic animals exhibited antioxidant enzymes may be caused by the glycation
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Figure 4. Silymarin (SMN) does not increase the number or area of beta pancreatic islets. Representative
photomicrographs of paraffinized sections of experimental and control pancreas tissues stained with
hematoxylin and eosin. Control group (A) with normal pancreatic islet architecture. Diabetic (B), DS50 (C),
and DS100 (D) groups exhibiting decreased areas of pancreatic islets. In the photomicrographs, pi
indicates pancreatic islet, pd indicates pancreatic duct, and pa indicates pancreatic acinus. Scale bar: 100
um. The graphs of morphometric analysis of (E) number of pancreatic islets [a indicates significance for
the following comparisons: C vs. D (P < 0.001), C vs. DS50 (P < 0.001), and C vs. DS100 (P < 0.001)] and (F)
area of beta pancreatic islets [a indicates significance for the following comparisons: C vs. D (P = 0.019), C
vs. DS50 (P < 0.001), and C vs. DS100 (P = 0.014)]. The data were expressed as mean + standard error of
mean. The data were analyzed by one-way analysis of variance (ANOVA), followed by Bonferroni post-
hoc test. Different letters indicate significant differences (P < 0.05).
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of some target enzymes, such as CAT™. Patche et
al®”. observed that unlike CAT activity, hepatic Mn-
SOD or SOD2 activity was not affected by the
glycation process. Thus, the liver of diabetic mice
exhibited high SOD2 activity. The increased levels of

-
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SOD observed in this study may due to an adaptive
response of the liver to oxidative stress™®. SOD s
one of the first antioxidant defense enzymes
activated in response to oxidative stress, while the
liver is involved in xenobiotic metabolism®.
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Figure 5. Silymarin (SMN) does not increase insulin biosynthesis in pancreatic islets. Representative
photomicrographs of paraffinized pancreatic sections from control and experimental animals subjected
to immunohistochemical analysis using the anti-insulin antibody (1:1000). The control group (A) exhibited
normal immunolabeling of insulin in the pancreatic islets. The diabetic (B), DS50 (C), and DS100 (D)
groups exhibited low immunolabeling of insulin. Scale bar: 100 um. (E) The graphs of morphometric
analysis of the immune-positive insulin area in pancreatic islets [a indicates significance for the following
comparisons: C vs. D (P = 0.0065), C vs. DS50 (P = 0.022), and C vs. DS100 (P = 0.013)]. The data are
expressed as mean * standard error of mean. The data were analyzed by one-way analysis of variance
(ANOVA), followed by Bonferroni post-hoc test. Different letters indicate significant differences (P <

0.05).
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Although the increase in SOD activity was not
accompanied by increased CAT activity, treatment
with SMN decreased protein damage at both
treatment doses. SMN may inhibit protein damage
through a mechanism independent of SOD and CAT
activities. Malekinejad et al®®. demonstrated that
treating diabetic rats with SMN (50 mg/kg
bodyweight) for 28 d reduced hepatic oxidative
stress as evidenced by the reduced levels of
malondialdehyde and increased levels of glutathione
peroxidase (GPx). The mechanisms involved in
increasing GPx levels may also be involved in SMN-
mediated protection against protein damagem].
Vargas-Mendoza et al®?. described the
hepatoprotective effects of SMN, which include
maintaining the hepatocyte membrane integrity and
preventing the entry of toxic or xenobiotic
substances. The phenolic nature of SMN enables it to
donate electrons to stabilize free radicals and ROS
and increase the intracellular reduced glutathione
(GSH) content to prevent membrane
Iipoperoxidationm].

The pancreas and pancreatic beta cells are
among the most metabolically active organs and
cells in the human body and are highly dependent on
oxidative metabolism for ATP synthesis[44]. Although
the pancreas is associated with high metabolic
activity and ROS production through mitochondrial
respiration[45], the pancreas exhibit lower expression
levels of antioxidant enzymes than other tissues*®*’),

In this study, the pancreatic tissues of diabetic,
DS50, and DS100 groups exhibited decreased SOD
and CAT (Figure 3 A and 3B) activities. However,
increased protein damage was observed only in the
diabetic group (Figure 3C). There was no significant
difference in the activities of SOD and CAT between
the DS50 and DS100 groups. Additionally, there was
no significant difference in the therapeutic efficacies
of 50 and 100 mg/kg of SM. This indicated that the
pharmacological effect of SMN may have plateaued
(highest response achievable) at the dose of 50
mg/kg. Previous studies have reported that the
response to drug concentrations can be complex and
is often non-linear”.

In the liver tissue, treatment with SMN at both
doses decreased the PC levels by a mechanism
independent of SOD and CAT activities. This
mechanism may be dependent on the glutathione
redox cycle. Frenkel et al"®. demonstrated that N-
acetyl-1-cysteine (NAC) administration induced an
increase in the GSH levels in the pancreas of diabetic
mice without altering the activity of other
antioxidant enzymes, which decreased pancreatic

oxidative stress.

The pancreatic beta cells are essential for
maintaining glucose homeostasis by producing
insulin in response to elevated blood glucose
levels®™®. In this study, the diabetic, DS50, and DS100
groups exhibited a significant reduction in the
number and area of beta pancreatic islets (Figure 4).
This was consistent with decreased insulin
biosynthesis (Figure 5) and persistent hyperglycemia
after the treatment period. Treatment with SMN
effectively reduced hepatic and pancreatic stress
even under hyperglycemic conditions. Although
some studies have demonstrated the anti-
hyperglycemic effect of flavonoids®*, the findings
are controversial. The dose and duration of
treatments may contribute to the controversial
results of the protective effects of flavonoids™®.
Thus, the doses of SMN used in this study were
effective in reducing hepatic and pancreatic damage
without affecting the glucose levels and pancreatic
insulin production.

CONCLUSION

SMN improved polyphagia and polydipsia, renal
function, and protected the liver and pancreas
against protein damage without affecting the blood
glucose levels in diabetic animals. SMN treatment
was initiated after the destruction of pancreatic beta
cells by alloxan, which may have masked the
beneficial effect of SMN. Future studies must
evaluate the effect of SMN on the glutathione redox
cycle.
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Supplementary Figure S1. Graphical abstract. SMN treatment reduced polyphagia, polydipsia, enhanced
serum creatinine levels, and enhanced hepatic and pancreatic PC levels at both treatment doses in the
alloxan-induced type 1 diabetic rat model. 1, increased; {, decreased; TAG, triacylglycerol; PC,
carbonylated protein; SMN, silymarin.
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