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SUMMARY

1. The aim of the present study was to evaluate the hypo-
glycaemic and hypolipidaemic effects of 20, 40 and 80 mg/kg per
day emodin and its potential effects on L-type calcium channels
in dyslipidaemic—diabetic rats.

2. Dyslipidaemic-diabetic rats were induced by a single intra-
peritoneal injection of streptozotocin (55 mg/kg) after intragastric
administration of a high-fat diet for 2 weeks.

3. Daily administration of emodin for 2 weeks resulted in a
significant dose-dependent reductions in blood glucose, serum
total cholesterol, triglycerides, free fatty acids and malonaldehyde
(P < 0.05) in dyslipidaemic—diabetic rats compared with vehicle-
treated dyslipidaemic—diabetic rats. In addition, emodin caused
dose-dependent increases in plasma superoxide dismutase activity
in dyslipidaemic—diabetic rats (P < 0.05). Immunofluorescent
staining and reverse transcription—polymerase chain reaction
showed that the expression of L-type calcium channels in the
pancreas and heart was restored, to different extents, by the
three doses of emodin treatment.

4. The results of the present study suggest that emodin has
antidiabetic and lipid-modulating effects that involve, in part,
upregulation of L-type calcium channel expression in the pancreas
and heart in dyslipidaemic-diabetic rats.
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INTRODUCTION

Diabetes mellitus is a major health concern for humans, affecting
more than 5% of the population;' and this number may double by
2025.2 Pharmaceutic drugs, such as sulphonylureas and biguanides,
are used for the treatment of diabetes. However, these drugs are
associated with drawbacks, such as high cost, multiple and rigid dosing
regimen and adverse side-effects.’* These limitations have contributed
to the recent prevalence of the use of herbal products in the treatment
of diabetes.
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In recent years, there has been an upsurge in the use of tradi-
tional medicines because herbal drugs are generally less toxic
and have fewer side-effects if taken appropriately.” Emodin (3-
methyl-1,6,8-trihydroxyanthraquinone), a natural anthraquinone
derivative from the roots of Rheum officinale Bail (Fig. 1), has
anti-inflammatory, antitumour, immunosuppressive and vaso-
relaxant properties.® Recent studies have demonstrated that emodin
also has antipancreatitic effects.” Even though emodin has been
studied extensively, none of the studies has investigated its anti-
diabetic activity.

Diabetes mellitus is a disorder characterized by breakdown of
glucose homeostasis,® with selective impairment of glucose-induced
insulin secretion from pancreatic B-cells.’ It has been reported that
the lipotoxicity in the development of diabetes mellitus and hyper-
lipidaemia further increase the risk of ischaemic heart disease in type
2 diabetes.'®!" The murine model induced by high-cholesterol chow
feeding plus streptozotocin (STZ) injection replicates the natural
history and metabolic characteristics of human type 2 diabetes and
is suitable for pharmacological studies.'*" The aim of the present
study was to assess the therapeutic effects of emodin on blood glucose
and lipid parameters in dyslipidaemic—diabetic rats.

Insulin secretion is triggered by Ca®" influx through voltage-
dependent L-type calcium channels.'* The L-type high voltage-
activated (HVA) Ca*" channel family is comprised of Ca,1.1, 1.2,
1.3 and 1.4 channels."” The Ca,1.2 or «, channels play a central
role in insulin secretion.'® Diabetes mellitus increases the risk of cardiac
dysfunction. Many different abnormalities of cardiac contraction
and relaxation have been identified in the STZ-induced diabetic
heart."” In this regard, changes in intracellular Ca** may be responsible
for these abnormalities. L-type calcium channels play an important
role in regulating the intracellular Ca** concentration in cardio-
myocytes. It has been reported that emodin can regulate L-type calcium
current in normal guinea-pig cardiomyocytes.'® In the present
study, we investigated the effects of emodin on L-type calcium
channels in islet B-cells and heart and explored the possible
mechanisms responsible for the effects of emodin in dyslipidaemic—
diabetic rats.

METHODS

Chemicals

The total cholesterol (TC) reagent kit was purchased from Shanghai
Rongsheng Biotech (Shanghai, China). Primary and secondary antibodies
were supplied by Santa Cruz (Santa Cruz, CA, USA). Other chemicals and
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Fig. 1 The chemical structure of emodin.

diagnostic kits were purchased from Sigma Chemical (St Louis, MO, USA).
All chemicals used were of analytical grade.

Experimental animals

Male Wistar rats, weighing 200 + 20 g and purchased from Experimental Animal
Center of Harbin Medical University, were used. Animals were allowed to adapt
to their environment for 1 week before experiments were started. All animal
procedures were approved by the Ethical Committee for Animal Experiments,
Harbin Medical University.

Development of dyslipidaemic—diabetic rats

Dyslipidaemic—diabetic rats were induced by intragastric administration
of high-cholesterol chow (sucrose 10%, lard 20%, Tween 80 20%, propylene
glycol 30%, propacil 1%, monosodium glutamate 5%, plus water to 100%)
for 2 weeks and then a single intraperitoneal injection of STZ (55 mg/kg),
which was dissolved in sodium citrate buffer (pH 4.5)." Blood glucose was
measured 72 h after STZ injection. Rats showing fasting blood glucose levels
2> 16.7 mmol/L were selected for the study. The dyslipidaemic—diabetic rats
were randomly divided into six groups (n = 8 in each group), as follows: (i)
dyslipidaemic—diabetic experimental model group; (ii) high-dose (80 mg/kg
per day) emodin-treated groups; (iii) medium-dose (40 mg/kg per day) emodin-
treated group; (iv) low-dose (20 mg/kg per day) emodin-treated group; (v)
an insulin-treated group; and (vi) a rosiglitazone (0.83 mg/kg per day)-treated
group. Emodin was dissolved in water and administered intragastrically.
Insulin-treated rats received a single injection of long-acting insulin per day,
with a total of 4 U insulin. Experimental rats were treated with different drugs
for 2 weeks. The remaining rats were randomly divided into two groups,
with one group fed normal chow (control) and the other group fed the
high-cholesterol chow (hyperlipidaemic group) for a period of 2 weeks.
Except for the 12 h period before blood collection, rats had free access to
food and water.

Determination of blood glucose and lipid metabolic
parameters

Blood samples were collected from the tip of tail on Days 1, 4, 7, 10 and
14. Blood glucose was determined using a blood glucose meter (Weyerhaeuser,
Tacoma, WA, USA). Total cholesterol (TC) and triglycerides (TG) were
measured by the enzyme end-point method. Briefly, in this method, the
substrate to be determined of an enzymatic reaction is measured by permitting
the enzymatic substrate reaction to proceed to completion (i.e. until all
the substrate has reacted). Malonaldehyde (MDA), superoxide dismutase
(SOD) and free fatty acid (FFA) were also measured using commercially
available reagent kits. All parameters were determined using a photometer
(ECOM-F 6124; Eppendorf, Hamburg, Germany).

Immunofluorescent staining

Tissue sections were cryosectioned at 5 pm, fixed in 4% paraformadehyde
for 30 min, rinsed with phosphate-buffered saline (PBS) and blocked with
1% bovine serum albumin (BSA) and 2% goat serum for 1 h at room
temperature. For double-labelling, sections were incubated with rabbit anti-rat

Ca,1.2 (1:200 dilution) antibody overnight at 4°C. Sections were then
rinsed in PBS and further incubated with fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit antibody (1 : 500 dilution) for 2 h at room
temperature. After extensive washing with PBS (twice for 15 min each time),
the double-stained tissue sections on slides were sealed with coverslips ready
for observation. Images were captured using a fluorescence microscope and
analysed by ImageProPlus software (Media Cybernetics, Silver Spring,
MD, USA). Control experiments were performed without primary antibody
treatment to exclude the possibility of non-specific labelling and cross-
reactivity of secondary antibodies with primary antibodies.

Analysis of relative expression of Ca,1.2 by reverse
transcriptase—polymerase chain reaction

Total RNA was extracted from fresh frozen myocardium using Trizol
Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Random hexamer primers (Promega, Madison, WI, USA)
were used for cDNA preparation using the Thermoscript reverse transcriptase
(Invitrogen). The polymerase chain reaction (PCR) was performed under the
following conditions: denaturation at 95°C for 2 min, annealing at 57.5°C
for 1.5 min and extension at 72°C for 2 min for a total of 31 cycles. The
following primers were used: forward primer 5-CGGCACCCTCTTACCTTT-3;
reverse primer 5-AACCCATTAGGAACATTGAAAC-3". The forward
and reverse primers for the housekeeping gene B-actin were 5-CATCTCTT-
GCTCGAAGTCCA-3" and 5-ATCATGTTTGAGACCTTCAACA-3,
respectively. Positive and negative reverse transcription—polymerase chain
reaction (RT-PCR) controls containing standardized RNA extracts and nuclease-
free water, respectively, were included in each run. Amplified products
were separated by 1.5% agarose gel electrophoresis and visualized by
ethidium bromide staining.

Statistical analysis

Data are expressed as the meantSEM. Statistical analysis was performed
by one-way ANOVA. Tukey’s post hoc test was used for multiple group
comparisons and Student’s #-test was used for single comparisons. Statistical
significance was considered at P < 0.05.

RESULTS

Effects of emodin on blood glucose concentrations in
dyslipidaemic-diabetic rats

As shown in Fig. 2, blood glucose levels in dyslipidaemic—diabetic
rats were significantly higher than in the control group (P < 0.01),
but no significant differences were found for blood glucose levels
between the hyperlipidaemic and control groups. After 2 weeks of
treatment with emodin, a dose-dependent decrease in blood glucose
was observed, with levels in the high-dose group going from
30.1£1.2 to 15.8 £ 1.6 mmol/L (n=38; P <0.01), from 27.2+ 1.4
to 22.1 £ 1.3 mmol/L in the medium-dose group (n=38; P <0.05)
and from 26.0 £ 1.5 to 23.6 = 1.5 mmol/L in the low-dose group
(n=8; P>0.05). Figure 2 also shows that emodin had a mild
hypoglycaemic effect and that the effects of the medium and low
doses of emodin were not significant, as were the results obtained
with the positive control drugs insulin and rosiglitazone.

Effects of emodin on lipid metabolic parameters

The effects of different doses of emodin on fasting plasma lipids
are given in Table 1. In the high- and medium-dose emodin groups,
TC, TG, FFA and MDA levels were significantly reduced and
SOD levels were significantly elevated (P < 0.05) compared with
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Table 1 Effects of 2 weeks treatment with emodin on serum lipid parameters in dyslipidaemic—diabetic rats

TC (mg/dL) TG (mmol/L) FFA (nmol/L) MDA (nmol/L) SOD (U/mL)
Control 612143 0.86 £ 0.08 0.55+0.01 5.25+0.09 122.7+7.4
DDr 111.1 £7.0%* 1.79 £ 0.12%%* 1.12+0.05 8.36 £ 0.05%* 54.6 £3.5%*
Hyperlipidaemia 191.2 £29.2* 1.85+0.15% 1.16 £ 0.06* 8.74 £ 0.51%* 76.4 £ 5.3%*
Emodin
80 mg/kg per day 66.3+0.2" 0.90 +0.02* 0.59 +0.04 4.24 £0.34" 118.9£4.9'
40 mg/kg per day 83.0+3.0"" 1.29 £0.06' 0.74 £ 0.02" 6.59+0.16" 103.8 +4.7°
20 mg/kg per day 13121155 1.95+0.28 0.97 £ 0.08 8.09+0.35 60.7+£9.9
Rosiglitazone 74.5+2.0" 1.35+0.14 0.78 £ 0.02° 6.30+0.32° 106.2 3.0
Insulin 1499+ 15.1 2.09+0.23 1.01 £0.04 8.93+0.17 66.2+6.0

Data are expressed as meantSEM (n = 8 in each group). *P < 0.05, **P < 0.01 compared with control; 'P < 0.05, "'P < 0.01 compared with dyslipidaemic—

diabetic rats (DDr).

TC, total cholesterol; TG, triglycerides; FFA, free fatty acids; MDA, malonaldehyde; SOD, superoxide dismutase.
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Fig. 2 Effect of emodin on blood glucose concentrations in dyslipidaemic—
diabetic rats. For the sake of clarity and clearer comparisons among different
groups, only mean values (n = 8 per group) are shown. ((J), control; (<),
dyslipidaemic—diabetic rats; (A), hyperlipidaemia; (H), high-dose (80 mg/kg
per day) emodin; (®), medium-dose (40 mg/kg per day) emodin; (A),
low-dose (20 mg/kg per day) emodin; (@), rosiglitazone; (+), insulin.

dyslipidaemic—diabetic rats. The lipid-modulating effects of the high
and medium doses of emodin were stronger than those of rosiglita-
zone (Table 1). These results demonstrate a hypolipidaemic action
of emodin.

Immunofluorescent staining of Ca,1.2 in pancreatic islets
and cardiac myocytes

Expression of Ca,1.2 was characterized using immunofluorescence
staining. The overall size of the islets of diabetic rats tended to
be smaller and the intensity of the immunoreactivity was markedly
weaker compared with that in the control group. After 2 weeks
treatment with emodin, the intensity of the immunoreactivity was
enhanced and the number of the islets was increased, particularly in
the high-dose emodin group; however, the intensity of the immuno-
reactivity and the number of islets were still below normal (Fig. 3).

These results suggest that pancreatic islets were damaged and that
the expression of Ca, 1.2 was downregulated in diabetic rats, and that
emodin is able to restore the morphological changes and expression
of Ca,1.2 in hyperlipidaemic—diabetic rats. Furthermore, cardiac
hypertrophy was evident, as an increased length and width of cardiac
myocytes, in hyperlipidaemic—diabetic rats (Fig. 4) and the intensity
of Ca, 1.2 immunoreactivity was significanlty weaker, with an overall
smaller Ca, 1.2 immunofluorescent area compared with that in the
control group. Interestingly, emodin treatment significantly increased
both the intensity of the immunofluorescence and the Ca, 1.2 immuno-
fluorescent area.

Ca 1.2 expression in the heart

The effect of emodin on Ca,1.2 mRNA expression is shown in
Fig. 5. The expression of Ca,1.2 was decreased in dyslipidaemic—
diabetic rats. After treatment with 80 mg/kg per day emodin,
the expression of Ca,1.2 was increased (Fig. 5). These results
further confirm that Ca,1.2 expression is upregulated in emodin-
treated rats.

DISCUSSION

In the present study, we demonstrated that emodin has hypoglycaemic
and hypolipidaemic activity in dyslipidaemic—diabetic rats. Admin-
istration of emodin was also associated with a significant improve-
ment of the expression of L-type calcium channels in the pancreas
and heart, which may be the mechanism of action of emodin.

The dyslipidaemic—diabetic rat model was used in the present
study. It has been reported that high-fat feeding leads to insulin
resistance and STZ injection damages pancreatic (3-cells, causing a
reduction in serum insulin levels.*® The animal model induced by
STZ injection plus the high-fat diet is regarded as an ideal model
for type 2 diabetes that closely reflects the natural history and
metabolic characteristics of human type 2 diabetes, as well as
responding to pharmacological treatments.'> We explored the
hypoglycaemic and hypolipidaemic effects of emodin and its possible
mechanism of action using this model.

The data demonstrate that emodin deceases blood glucose levels
at doses of 80 and 40 mg/kg per day. Moreover, emodin reduced
serum TC, TG, MDA, FFA and elevated serum SOD. It has been
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Fig.3 (a—) Immunofluorescence
analysis of Ca,1.2 in the pancreas
(original magnification x400) of (a)
control rats, (b) dyslipidaemic—diabetic
rats and (c) the high-dose (80 mg/kg
per day) emodin-treated group. (d)
Changes in immunofluorescent inten-
sity for Ca,1.2 in the pancreas. Data
are the meantSEM of three separate
experiments. *P < 0.05 compared with
control; P <0.05 compared with
dyslipidaemic—diabetic rats (DDr).

(d)

Fig. 4 Immunofluorescence analysis
of Ca, 1.2 in cardiac myocytes (original
magnification x200) of (a) control
rats, (b) dyslipidaemic—diabetic rats
and (c) the high-dose (80 mg/kg per
day) emodin-treated group. (d) Changes
in immunofluorescent intensity for
Ca, 1.2 in the heart. DDr, dyslipidaemic—
diabetic rats. Data are the mean+SEM
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documented that lipid accumulation in non-adipose tissues, such as
the pancreatic islets, liver and heart, is often associated with type 2
diabetes and its complications,” so the observed reduction in serum
lipids after emodin treatment could help to significantly reduce the
risk of cardiovascular disease. In addition, because elevated serum
FFA concentrations are associated with insulin resistance, increased
FFA contribute to hyperglycaemia by antagonizing the effects of
insulin on endogenous glucose production.”** In addition, FFA
affect insulin secretion.* Reduction of FFA was found after treat-
ment with emodin, which implies that emodin may improve the
secretion of insulin in patients with diabetes mellitus. It has been
reported that oxidative stress, leading to an increased production of
reactive oxygen species (ROS), is increased in diabetes. It has

(n = 8 per group). *P < 0.05 compared
with control.

also been reported that SOD plays an important role in maintaining
physiological levels of oxygen and hydrogen peroxide by hastening
the dismutation of oxygen radicals and eliminating organic peroxides
and hydroperoxides generated from inadvertent exposure to STZ.%
In the present study, emodin treatment increased SOD activity,
which further confirms that emodin exerts a beneficial action against
pathological changes caused by the presence of free radicals in the
STZ-induced diabetic rat model. The published evidence shows
that gluco- and lipotoxicity play pivotal roles in the development of
diabetes and diabetic complications;””** thus, the hypoglycaemic
and hypolipidaemic effects of emodin may prevent the deleterious
effects of hyperglycaemia and hyperlipidaemia on the development
of diabetes and diabetic complications.
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Fig. 5 Effect of emodin on Ca,1.2 in cardiac myocytes. Polymerase chain
reaction products were analysed on an ethidium bromide-stained 1.5%
agarose gel. (a) The PCR products are 205 bp for Ca, 1.2 in cardiac myocytes
and 500 bp for B-actin (internal standard). (b) Densitometric measurement
of Ca,1.2 expression in control, dyslipidaemic—diabetic rats (DDr) and
high-dose (80 mg/kg per day) emodin-treated rats. Relative quantity is
shown as Ca,1.2/B-actin. Data are the meantSEM (n = 8 per group). *P < 0.05
compared with the control group.

Collectively, the findings of the present study indicate that emodin
has potential therapeutic effects in diabetes. Thus, it is important to
determine the mechanisms of action of emodin to fully understand
its therapeutic actions and to develop a new target compound. So,
in the present study, we next investigated the possible mechanisms
underlying the hypoglycaemic and hypolipidaemic actions of emodin.
It has been reported that insulin release from pancreatic (3-cell
consists of a rapid first phase that lasts for approximately 10 min
before declining to near basal levels, followed by a less prominent
but sustained second phase of insulin secretion that can last for
several hours.” The cellular mechanisms underlying biphasic insulin
release remain unclear, but an increase in intracellular Ca>* concen-
tration ([Ca"];) is required for both the first and second phases of
insulin secretion.* This increase in [Ca®*]; is the result of Ca?" influx
through voltage-gated Ca®* channels, which consequently close
ATP-dependent K* channels, depolarize the membrane and further
open voltage-dependent Ca”* channels.” Type 2 diabetes is associated
with a shift from biphasic to monophasic insulin release®® and it is
therefore important to explore the changes in voltage-gated Ca*
channels in type 2 diabetes. Voltage-gated Ca** channels are divided

into three subfamilies: (i) the HVA Ca®* channel family, which includes
Ca,1.1, 1.2, 1.3 and 1.4 channels and is inhibited by dihydro-
pyridines (DHPs);* (ii) non-L-type HVA channels Ca,2.1 (P/Q-type),
2.2 (N-type) and 2.3 (R-type), which are sensitive to w-agatoxin
IVA, w-conotoxin GVIA and SNX482, respectively; and (iii) the
low voltage-activated (LVA) T-type Ca** channel family (Ca,3.1,
3.2 and 3.3).** The molecular identity of the B-cell L-type Ca** channel
involved in insulin secretion has been debated; however, recent
studies have shown that Ca, 1.2 or o, channels played a central role
in this process.’>* Myocardial dysfunctin is common in diabetic
individuals.”” Ca*" influx through L-type Ca*" channels also plays
an important role in cardiac excitation—contraction coupling.”® Our
data show that the expression of Ca,l1.2 channels is significantly
downregulated in the pancreas and heart in the diabetic rats and was
restored to different degrees after emodin treatment. These data
suggest that emodin ameliorates Ca,1.2 expression in the pancreas
and heart, which may be one of the mechanisms underlying the
antidiabetic action of emodin. Thus, Ca, 1.2 may be a new therapeutic
target for developing antidiabetic and antihyperlipidaemic drugs.
However, further studies are needed to confirm this hypothesis.

There are several limitations of the present study. First, charac-
terization of Ca,1.2 expression by RT-PCR was performed only in
the heart and we were not able to provide information regarding
detailed changes in Ca,1.2 in the pancreas. It is important to obtain
this information in future studies. Second, immunofluorescent
staining and RT-PCR are semiquantitative methods and our data fail
to address the changes precisely; western blotting is need to address
these issues accurately. Third, the link between the enhancement
of L-type Ca** channel expression and the blood sugar-lowering
effect of emodin is still unclear. A future study should measure
insulin levels, which should provide a link between the enhanced
L-type Ca*" channel expression and the blood sugar-lowering
effects of emodin. In conclusion, the effects of emodin on blood
glucose and lipid parameters in diabetes should be confirmed
through further animal experiments. Further studies will be needed
to identify the molecular link between the enhanced L-type
Ca®* channel expression and the blood sugar-lowering effects of
emodin.

The findings in this study provide information regarding the
action of emodin in the clinical treatment of diabetes mellitus.
Furthmore, the study demonstrated that Ca,1.2 may be a new
therapeutic target in the treatment of diabetes.
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