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Abstract

Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by elevated blood glucose level
over a prolonged period, leading to severe damage in tissues including the heart, blood vessels,
eyes and the kidneys. Danzhi Jiangtang Capsule (DJC) is an effective drug for diabetes, but the
mechanism responsible for its efficacy remains unknown. This study aimed to explore the effective
ingredient of DJC that ameliorated diabetes and the possible mechanisms.

Material and methods

We orally treated streptozotocin (STZ)-induced diabetic rats with 540 mg/kg DIC or the same dose of
its four active components, namely Leeches, Pseudostellaria Polysaccharides (PP), Paeonia
Suffruticosa Andr (PSA) and Rehmannia Glutinosa Libosch (RGL), respectively for 8 weeks.

Results

Although all of these components could reduce blood glucose levels in diabetic rats, the extent of
alleviation of DJC was more pronounced than all of its four ingredients. Unlike the other three
components, Leeches is the only effective ingredient of DJC that decreased tetrahydrobiopterin
(BH4) oxidation to activate endothelial nitric oxide synthase (eNOS), and increased nitric oxide (NO)
production, leading to improved endothelium-dependent relaxation both in diabetic rats and in
immortalized human mesangial cells under the stimulation of high glucose.

Conclusions
Leeches could alleviate diabetic macroangiopathy by inhibiting NO release in endothelial cells under
high-glucose condition.
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Abstract

Introduction: Diabetes mellitus (DM) is a chronic metabolic disorder characterized by
elevated blood glucose level over a prolonged period, leading to severe damage in
tissues including the heart, blood vessels, eyes and the kidneys. Danzhi Jiangtang
Capsule (DJC) is an effective drug for diabetes, but the mechanism responsible for its
efficacy remains unknown. This study aimed to explore the effective ingredient of DJC
that ameliorated diabetes and the possible mechanisms.

Materials and methods: We orally treated streptozotocin (STZ)-induced diabetic rats
with 540 mg/kg DIC or the same dose of its four active components, namely Leeches,
Pseudostellaria Polysaccharides (PP), Paeonia Suffruticosa Andr (PSA) and
Rehmannia Glutinosa Libosch (RGL), respectively for 8 weeks.

Results: Although all of these components could reduce blood glucose levels in
diabetic rats, the extent of alleviation of DJC was more pronounced than all of its four
ingredients. Unlike the other three components, Leeches is the only effective ingredient
of DJC that decreased tetrahydrobiopterin (BH4) oxidation to activate endothelial nitric
oxide synthase (eNOS), and increased nitric oxide (NO) production, leading to
improved endothelium-dependent relaxation both in diabetic rats and in immortalized
human mesangial cells under the stimulation of high glucose.

Conclusion: Leeches could alleviate diabetic macroangiopathy by inhibiting NO

release in endothelial cells under high-glucose condition.

Keyword: Leeches; diabetic macroangiopathy; NO; endothelium; aorta



Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by elevated blood
glucose level over a prolonged period, leading to severe damage in tissues including
the heart, blood vessels, eyes and the kidneys. Among all the complications, diabetic
macroangiopathy is the most prevalent and highly lethal one, which accounts for 70%-
80% of deaths in all diabetic patients. The prevalence of atherosclerosis is higher in
diabetic individuals than in non- diabetic patients, commonly characterized as with
younger onset age, faster progression, more severe condition and higher mortality rate.
Meanwhile, diabetic complication such as coronary heart disease, myocardial infarction
and acute cerebrovascular disease is the leading cause of death in diabetes [1]. Diabetic
macroangiopathy is characterized as early and severe atherosclerosis and resultant
blood clot accumulated in large vessels including aorta, coronary arteries, basilar
arteries, renal arteries and peripheral arteries, due to excessive or abnormal
neovasculogenesis and angiogenesis [2]. Therefore, increasing studies have been
conducted to prevent diabetic macroangiopathy [3].

Endothelial cells in the blood vessels play an important role in controlling the automatic
regulation of contractility and vascular homeostasis in vascular smooth muscle cells by
releasing a variety of vasoconstrictor-secreted factors, such as thromboxane,
prostacyclin and nitric oxide (NO) [4, 5]. Insufficient synthesis of NO is one of the
causes of vascular and endothelium dysfunctions in diabetic condition [5]. Therefore,
nitric oxide synthase (NOS), which produces NO, is also involved in the process of
diabetes-induced vascular dysfunction [6, 7].

Danzhi Jiangtang Capsule (DJC), as one Traditional Chinese Medicine, is an effective
drug for diabetes in rats [3], and it has been widely used in the clinic for a long period.

Previous report demonstrated that DJC had a therapeutic effect in ameliorating high-fat



diet-caused vascular damage. However, its therapeutic role in diabetic
macroangiopathy has not been discovered yet. Since DJC has four active ingredients,
all of which are also Traditional Chinese Medicine, namely Leeches, Pseudostellaria
Polysaccharides (PP), Paeonia Suffruticosa Andr (PSA) and Rehmannia Glutinosa
Libosch (RGL), we aimed to elucidate the key component(s) with anti-diabetic property
and the mechanisms responsible in treating diabetic macroangiopathy. Therefore, this
study explored the potential role and the mechanism of DJC, as well as its active

ingredients, in diabetic macroangiopathy.

Methods & Materials

Animal model

DJC is a mixture of 6 components, including Radix pseudostellariae, Rehmannia
glutinosa Libosch, Rehmannia glutinosa Libosch, Alisma, tu Sizi, Leeches in the ratio
of 5:4:4:3:2:5. The first 5 components were boiled in water for 2-3 times and 1-2 hours
each time, then the combined decoctions were filtrated, concentrated and spray dried
into powder. Leeches were dried, grounded into powder, mixed well with the powder
of the other five components, and filled into capsules.

For evaluating the effective component of DJC, we selected four major active
components in our study: Leeches, PP, PSA and RGL. Leeches were weighed after
being dried and then ground into powder, while the other 3 were weighed after being
dried and then boiled in water.

56 Sprague-Dawley male rats were randomly and equally divided into 7 groups, with 8
rats in each group. One group was intraperitoneally injected and orally gavaged with
saline as control, and the other six groups were intraperitoneally injected with a single-

dose of streptozotocin (STZ, 50 mg/kg, Sigma) to induce diabetes. Diabetic rats with



high fasting blood glucose were orally treated with saline (DM group), DJC (DM+DJC),
Leeches (DM + Leeches), PP (DM + PP), PSA (DM + PSA) and RGL (DM + RGL),
respectively. All the drugs were orally administrated at a dose of 540 mg/kg for 8 weeks,
and fasting blood-glucose level and blood pressure were measured as described before
[8].

Each individual rat was placed in a transparent airtight chamber, which was flushed
with CO- gas that rapidly killed the rat. The chamber was flushed with air before being
used again.

All studies were approved by the ethics commitment of the First Hospital Affiliated to
Anhui University of Traditional Chinese Medicine. This study was performed in strict
accordance with the NIH guidelines for the care and use of laboratory animals (NIH
Publication No. 85-23 Rev. 1985).

Isometric tension vasomotor studies

Aortic vasomotor function was measured as described before [9]. Briefly, two rings
with 2 mm length were collected from each thoracic aorta and mounted in organ bath
chambers (Multi-Myograph 610M; Danish Myo Technology, Aarhus, Denmark) in
Krebs-Henseleit buffer. Rings were constricted with 60 mM KClI, typically achieving a
contraction of 5 to 7 mN of active tension after 5 min as the corrective value. After
washing three times, rings were equilibrated for 30 mins, and then precontracted to
approximately 50% of maximal tension with phenylephrine (typically 3x10¢ mol/l).
Acetylcholine was used to stimulate endothelial NO release to relax endothelium-
dependent aorta. Endogenous NOS activity was inhibited by 10* mol/l L-N(G)-
Nitroarginine methyl ester (I-NAME) and sodium nitroprusside, which is a NO donor,
which was used to measure endothelium-independent relaxation, expressed as a

percentage of the phenylephrine precontraction.



Measurement of nitrite and nitrate production

Rat aorta from different groups were cut into pieces and cultured in the medium for 24
hours at 37°C, and then supernatant was used for analyzing the production of NOx-.
After adding samples or serial diluted nitrate standard with vanadium (111) chloride into
96-well plate, Griess reagents were also loaded to the wells followed with
sulphanilamide and N-1-Naphthylethylenediamine dihydrochloride. Diluting medium
was used as blank. Nitrite production was measured in an identical way, except for that
samples or nitrite standards were only exposed to Griess reagents. After incubation for
30 to 45 mins, plates were read at the absorbance of 540 nm [10].

Western blot

Western blot was performed as previously described [11, 12]. Briefly, aorta was
collected from different groups, and homogenized in the lysis buffer with protease
inhibitors. After centrifuged at 12,000 g for 30 mins, pellet was homogenized in Tris-
EDTA buffer, and then centrifuged again at 100,000 g for 20 mins. Total protein
concentration in all fractions was determined by bicinchoninic acid kit. Denatured
proteins were separated in sodium dodecyl sulfate gel and transferred into membrane,
followed by incubation with endothelial nitric oxide synthase (eNOS) primary antibody
(1:800 for membrane fractions, 1:500 for cytosol) overnight after blocking in 5% milk
to detect monomer and total eNOS. To analyze eNOS dimer expression, undenatured
proteins were separated by cold electrophoresis at 4°C with detection and visualization
as described above. All the antibodies were purchased from Cell Signaling Technology.
Measurement of tetrahydrobiopterin (BHs) and total biopterin

BH; and total biopterin were determined according to a previously described method
[13, 14]. Aorta was lysed in the extraction buffer, and urine was collected in the tube.

All the samples were injected into a ultraperformance liquid chromatography system.



BH4 concentration = total biopterin - (BH2 + biopterin). The percentage of BH4
oxidation = 100 - (BH4 x 100/biopterin).

Diamino-fluorescein detection of NO

Immortalized human mesangial cells (ihMCs) (ATCC) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Grand Island, NY, USA) with the addition
of 10% fetal bovine serum (FBS, Gibco). After incubation with high glucose in the
presence or absence of Leeches for 24 hours, ihMCs were incubated with 10 uM DAF-
FM diacetate (Invitrogen, Carlsbad, CA, USA) for 30 mins, which is a NO-sensitive
fluorescent dye, and washed with PBS. Then ihMCs were observed using a
fluorescence microscope. The intensity of fluorescence was calculated by Imagel
software.

Statistical analysis

All the data were expressed as mean + SEM. One or two-way ANOVA analysis with a
Tukey’s post hoc test was used to compare data from different groups. All the analysis
was performed using GraphPad Prism software. p value<0.05 was considered as

significant difference.

Results

Leeches improved endothelium-dependent relaxation of the aortic vessel in diabetic
rats

After a single-dose injection of STZ, rats were induced with diabetes as evidenced by
increased fasting blood-glucose level compared with the normal group (18.5+£2.3 v.s.
8.6+0.4 mmol/L) (Figure 1a).

DJC, as an effective anti-diabetic drug in the clinic, significantly decreased blood

glucose level in diabetic rats, and its 4 active ingredients, including Leeches, PP, PSA



and RGL, also reduced blood glucose level after the 8-week treatment. The effective
dose of DJC was 270-1080 mg/kg in rats (data not shown). Here, we used the same
dose of each component and DJC (540 mg/kg). Diabetic rats displayed increased
acetylcholine-induced endothelium-dependent relaxation compared to control rats,
which could only be restored by Leeches and DJC. Acetylcholine is the agonist of
endothelial eNOS, which facilitates eNOS to release NO from endothelial cells. While
the other three ingredients, including PP, PSA and RGL, failed to reduce aortic
vasodilation (Figure 1b). Furthermore, Leeches improved endothelium-dependent
relaxation in response to different doses of acetylcholine (10 to 10~ mol/L) (Figure
1c). Sodium nitroprusside, as the direct NO donor, was used to evaluate endothelium-
independent aortic relaxation, due to its stimulation on smooth muscle relaxation to
exogenous nitric oxide. But Leeches showed no effect on sodium nitroprusside (Figure
1d). All these data suggested that all the four active ingredients of DJC could effectively
lower blood glucose level in diabetic rats, but Leeches was the only active monomer of
DJC that remarkably improved endothelium-dependent relaxation.

Leeches restored NOyx level and eNOS dimer-to-monomer ratio in the aortic vessel
of diabetic rats

Since NO is an important cellular signaling molecule that modulates vascular tone and
relaxation, we speculated that NO participated in the process of Leeches-improved
vascular relaxation in diabetic rats. Both nitrate (NOgz) and nitrite (NO) are stable NO
end products, and as expected, ex vivo Griess reaction indicated that NOx™ production
was elevated by in the aorta of diabetic rats, which was restored after Leeches treatment
(Figure 2a). Nitric oxide synthases (NOSs) are a family of enzymes catalyzing the
production of NO from L-arginine. There are three isoforms of NOS, including eNOS,

neuronal NOS (nNOS) and inducible NOS (iNOS). Leeches recovered endothelium-



dependent, but not endothelium-independent, relaxation, indicating that NO
ameliorated by Leeches was derived from eNOS. Subsequently, we observed that there
was no difference in the eNOS expression between normal and diabetic rats with or
without Leeches (Figure 2b and 2c). Of note, the eNOS dimer and monomer expression
was altered in the opposite manners in different groups (Figure 2b). The eNOS
dimer/monomer ratio, which was downregulated in diabetic rats, was augmented after
Leeches administration (Figure 2b and 2d). As dimer eNOS is considered as the active
form, Leeches therefore improved eNOS activity as evidenced by the increased ratio of
eNOS dimer/monomer. These data suggested that Leeches improved aortic
vasodilatation in diabetic rats by increasing eNOS activity without altering eNOS
expression.

Leeches restored BH4 level in the aortic vessel of diabetic rats

BHg is an essential cofactor of eNOS to produce NO by participating in the enzymatic
process of L-arginine oxidation. Because BH4 is one of the biopterin derivatives, we
evaluated both the BH4 and total biopterin expression levels in the aorta and urine from
different groups. Not surprisingly, the expression levels of BH4 and total biopterin were
remarkably reduced in both the aorta and urine of diabetic rats, which could be restored
by Leeches treatment (Figure 3a and 3c). Correspondingly, the ratio of BHa/total
biopterin was also significantly decreased in diabetic rats, and restored by Leeches in
the aorta and urine of diabetic rats (Figure 3b and 3d). On the contrary, diabetes
increased the percentage of BH4 oxidation in the aorta and urine, and after Leeches
treatment, BH4 oxidation declined (Figure 3e and 3f). These results indicated that, with
the increased oxidation of BHa as a result of diabetes, eNOS gradually lost its function,
while Leeches could recover BH4 oxidation and eNOS activity. Taken together,

Leeches could ameliorate eNOS activity in the aortic endothelium which were impaired



by diabetes.

Leeches restored NO level in ihMCs cultured in high glucose medium

Next, we used ihMCs cultured in high glucose DMEM to mimic high blood glucose
level in vivo. NO production was significantly reduced in the medium with high glucose
(HG, 30 mM) compared to normal glucose (5.5 mM), and was restored in response to
Leeches supplement in HG medium (Figure 4a and 4b). eNOS expression was not
changed in either normal or HG medium, with or without Leeches (Figure 4c and 4d).
Moreover, the radio of dimer/monomer eNOS was reduced in HG medium and reversed
with the supplement of Leeches (Figure 4c and 4e). Hence, high glucose could
downregulate NO production by decreasing eNOS activity in ihMCs, which could be
restored by Leeches supplement.

Leeches restored BH4 level in ihMCs cultured in high glucose medium.

Next, we also evaluated BH4 and total biopterin levels in ihMCs. BHa, total biopterin
expression and the ratio of BHa/total biopterin were all reduced in HG medium and
recovered by Leeches supplement (Figure 5a and 5b). Furthermore, Leeches could

reduce BH4 oxidation which was elevated in HG medium (Figure 5c).

Discussion

Our study demonstrated that Leeches, as well as DJC, alleviated diabetic
macroangiopathy by releasing eNOS-derived NO to improve aortic relaxation. This
study is the first instance to discover that Leeches is the only active ingredient in DJC
to both relax vasodilatation and decrease blood glucose level in diabetic rats.

DJC, as a Traditional Chinese Medicine combined with conventional diabetes treatment,
has been widely used to treat diabetes in the clinic for a long period of time [15, 16]. It

could effectively reduce blood glucose level in diabetic patients [17, 18] and ameliorate
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some diabetic complications, such as kidney dysfunction, macroangiopathy and
myocardial fibrosis [7, 18, 19]. A variety of mechanisms is related to the protective
roles of DJC in diabetes. DJC increased insulin sensitivity in both type 1 and type 2
diabetic rat models by improving beta cell function, suppressing beta cell apoptosis and
ameliorating beta cell oxidation [3, 20, 21]. Meta-analysis suggested that the
combination of DJC and conventional treatment effectively reduced insulin resistance
in diabetic patients [22]. Moreover, the combination of DJC and insulin aspart 30
protected against type 2 diabetic nephropathy through controlling blood glucose,
urinary albumin excretion, serum homocysteine and Cys-C levels [23]. Another study
demonstrated that the regulation of transforming growth factor-beta 1/Smads signaling
pathway, as well as its downstream connective tissue growth factor expression, was
involved in the alleviated kidney damage and improved diabetic symptoms in diabetic
rats fed on DJC [12].

Our study evaluated the anti-diabetic property of DJC, as well as its active ingredients,
to treat diabetes and its complications, such as diabetic macroangiopathy. Previous
study discovered that DJC had protective and therapeutic effects against diabetic
macroangiopathy in type 2 diabetic rats, which might involve the repaired islet cells
and endothelial cells by reducing the expression of Plasminogen Activator Inhibitor,
Endothelin-1 and Thromboxane A2 and inducing the production of NO and
Prostaglandin 12. However, there are four active ingredients in DJC, including Leeches,
PP, PSA and RGL. Although earlier studies indicated that PP, PSA and RGL might
have potential roles in diabetic rats [24-28]. The underlying mechanisms are still
unclear.

Our study for the first time demonstrated that all these four monomers could partially

improve blood glucose level in STZ-induced diabetic rats without altering systolic
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blood pressure. Unexpectedly, unlike the other three components, Leeches is the only
effective component of DJC to relax vasodilatation. Considering that so far there is no
research on Leeches and diabetes, our study is the first report discovering the
relationship between Leeches and diabetes, where Leeches was shown to effectively
attenuate STZ-induced diabetes in rats. Furthermore, Leeches ameliorated
endothelium-dependent aortic relaxation, to a similar extent as DJC, which implied that
Leeches could serve as a promising therapeutic drug to treat diabetes and its vasculum-
related complications, such as diabetic macroangiopathy, in diabetic patients.
Macroangiopathy is one of the most common complications in diabetic patients, and
currently the major cause of morbidity and mortality in patients with type 1 and type 2
diabetes. Compared to non-diabetic individuals, diabetic patients are more prone to
atherosclerosis that can be attributed to epigenetic factors [29], which also develops
rapidly to coronary heart disease, cerebrovascular accidents and gangrene of lower
limbs. According to previous reports, 20% of patients with peripheral vascular diseases
were found to have diabetes. Currently, it is believed that the occurrence of diabetic
macroangiopathy is related to the age of patients, the progress and control of diabetes.
A variety of pathogenesis is involved in the development of diabetic macroangiopathy,
including hyperinsulinemia/insulin resistance, lipid metabolism disorder, aortic
endothelium dysfunction, abnormal blood coagulation, hyperglycemia, hormonal
regulation disorder and genetic factors. Among all these mechanisms, endothelium
dysfunction, as well as its loss on the modulatory role, may be an important factor to
initiate the process of diabetic vascular diseases, which could be improved by Leeches
treatment. Because endothelium controls the tone of vascular smooth muscle cells by
secreting vasodilator factors such as NO.

NO is catalyzed from NOS, which has three different isoforms, eNOS, iNOS which is
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involved in immune responses, and nNOS which only exists in neuronal cells. Since
vasodilation impaired by diabetes is endothelium-dependent, eNOS is the only isoform
that is involved in this process. Our results showed that eNOS activity was improved
after Leeches treatment with no alteration of eNOS expression in diabetic rats, therefore,
as the requirement of the redox-sensitive co-factor, BHa is critical in this enzymatic
process. However, the role of BH4 in diabetes-induced macroangiopathy remains
unknown. Our study demonstrated that BHs4 oxidation, which is related to eNOS
activity, was also involved in the development of diabetic macroangiopathy.

Taken together, DJC, as well as its four active ingredients, could effectively improve
blood glucose level with no alteration in blood pressure in diabetic rats. However,
Leeches is the only component of DJC that improved endothelium-dependent aortic
relaxation. Leeches recovered eNOS-derived NO production by improving BHs
oxidation in both diabetic rats and cultured ihMCs. Hence, Leeches could serve as a
potential therapeutic drug to treat diabetic macroangiopathy by attenuating endothelium

dysfunction and improving aortic vasodilatation.
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Figure Legends

Figure 1. Leeches restored endothelial-dependent relaxation in the aorta of
diabetic rats. (a) The blood glucose levels of rats in normal rats, diabetic rats with or
without feeding drugs. Normal v.s. DM or DM-+drugs, ***P<0.001; DM v.s.
DM+drugs, #P<0.001. (b) Endothelium-dependent relaxation of the aortic rings in
response to 10 mol/L acetylcholine in normal rats, diabetic rats, and diabetic rats fed
Leeches. Normal v.s. DM, #P<0.001; DM v.s. DM+drugs, *P<0.05; **P<0.01. (c)
Endothelial-dependent relaxation of the aortic rings in response to different
concentrations of acetylcholine. **P<0.01; ***P<0.001. (d) Endothelium-independent
relaxation of the aortic rings in response to different concentrations of nitroprusside.

The data was represented as means + SD from three independent experiments.

Figure 2. Leeches restored NOx levels and eNOS dimer-to-monomer ratio in the
aorta of diabetic rats. (a) Nitrite (NO2") and nitrate (NOz"), the stable NO end products,
were quantified as a measurement of NO levels by Griess reaction in the aortic vessel
of normal rats, diabetic rats, and diabetic rats fed Leeches. (b) Representative Western
blots of eNOS dimer and monomer expression in the aorta of normal rats, diabetic rats,
and diabetic rats fed on Leeches. (c) Densitometric analysis of the percentage of eNOS-
to-actin. (d) Densitometric analysis of the percentage of eNOS dimer-to-monomer. The
data was represented as means + SD from three independent experiments. **P<0.01;

***p<0.001.

Figure 3. Leeches restored BHa levels in the aorta of diabetic rats. (a) BHsand total
biopterin expression in the aorta of normal rats, diabetic rats, and diabetic rats fed on
Leeches. Results were corrected for the protein concentration and are expressed as
nmol/mg protein. (b) Ratio of BH4 and total biopterin expression in the aortic vessel of
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normal rats, diabetic rats, and diabetic rats fed Leeches. (c) BH4 and total biopterin
expression in the urine of normal rats, diabetic rats, and diabetic rats fed Leeches.
Results in the urine were corrected for 24h urine volume. (d) Ratio of BH4 and total
biopterin expression in the urine of normal rats, diabetic rats, and diabetic rats fed
Leeches. (e-f) The percentage of BH4 to BH> oxidation in the aorta v (e) and the urine
(). The data was represented as means + SD from three independent experiments.

*P<0.05; **P<0.01; ***P<0.001.

Figure 4. Leeches restored NO levels in ihMCs cultured with high glucose medium.
(a) Representative photographs of DAF-FM indicating NO production. ihMCs were
cultured for 24 h in normal glucose (5.5 mmol/L), high glucose (HG) (30 mmol/L), and
HG with Leeches (100 mg/mL). (b) Quantification of the percentage of fluorescence
units. (c) Western blots of eNOS, eNOS dimer and monomer expression in ihMCs. (d)
Densitometric analysis of the percentage of eNOS-to-actin ratio. () Densitometric
analysis of the percentage of eNOS dimer-to-monomer ratio. The data was represented

as means = SD from three independent experiments. **P<0.01; ***P<0.001.

Figure 5. Leeches restored BH4 level in ihMCs cultured with high glucose medium.
(a) Total biopterin and BH4 expression in ihMCs lysate. Results were corrected for the
protein concentration and expressed as pmol/mg protein. (b) Ratio of BH4 and total
biopterin expression in ihMC lysate. (c) Percentage of BH4 to BH> oxidation in ihMC
lysate. The data was represented as means + SD from three independent experiments.
*P<0.05; **P<0.01; ***P<0.001.

Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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