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Abstract

Background: Hirudin, an extract from Hirudo spp., is an anticoagulant used to treat a variety of renal diseases,
including diabetic nephropathy (DN). Currently, hirudin has to be used at high dosages to treat DN because it
poorly targets the kidneys, although at high dosages it can have severe side effects. Developing a targeted drug
delivery system for hirudin, then, could boost its positive therapeutic effects while lowering the risk of side effects.
Liposomes have been demonstrated to have significant renal targeting potential, but here we show that a
hirudin-loaded liposome is an effective delivery method for patients with DN.

Method: In this study, we prepared a hirudin/liposome complex and tested its efficacy by injecting it into a rat
model. We then compared the renal accumulation of hirudin between complex-injected rat models and rat models
that received injections of hirudin alone. We also investigated the mechanisms behind the complex’s effects.

Result: The hirudin/liposome complex increased the accumulation of hirudin in kidney tissues and relieved the
renal injury in DN rat models. Moreover, the hirudin/liposome complex down-regulated the expression of TGF-β1
and VEGF in the kidneys.

Conclusion: We demonstrated that a hirudin/liposome complex can have a significant positive effect on DN. The
mechanism may be that the complex inhibits the expression of VEGF and TGF-β1.
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Background
Diabetic nephropathy (DN) is a common complication
from diabetes. Approximately 25–50% of diabetes
patients suffer from the condition [1], which causes a
progressive loss of renal function. Poor renal function
can trigger end-stage renal disease (ESRD), and ultim-
ately lead to renal failure [1]. Currently, the pathogenesis
of DN is unclear. Recent studies have shown the
progression of DN is related to the dysfunction of
vascular endothelial growth factor (VEGF) and
transforming growth factor β-1(TGF-β1), which may
contribute to the pathological changes of glomeruli
and renal tubules [2, 3].
Traditional Chinese medicine (TCM) has shown

promise in the treatment of DN. Shuxuetong injection

can significantly improve the renal function in DN
patients [4], while Huangkui Capsule, an extract from
Abelmoschus manihot (L.), improves their microinflam-
matory status [5]. Bailing capsules relieve microinflam-
mation and oxidative stress in patients with DN-induced
chronic renal failure [6]. Finally, the Tang-Wei-Kang
pills, made of extract from Astragalus, hirudo, and
Schisandra chinensis, are known to have a positive effect
on patients with DN [7, 8], up-regulating the expression
of Matrix metallopeptidase 9 (MMP-9), while down-
regulating the expression of TIMP metallopeptidase
inhibitor 1 (TIMP-1) in the kidneys of DN rat models
[8, 9]. However, nonspecific targeting is a disadvantage
in the clinical use of TCM. Patients normally need long
periods of treatment with TCM, and this can be
expensive.
Hirudin, an extract from Hirudo spp., has been used as

an anticoagulant in many renal diseases, including chronic
renal failure, glomerulonephritis, and DN [10, 11]. Hirudin
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can be used clinically as an alternative anticogulant for
heparin in hemodialysis [12]. It decreases urine albumin
and improves hypercoagulable states in the kidneys of DN
patients [13]. However, the targeting efficiency of hirudin
is low, obligating that it be used in high doses. This is both
wasteful and can result in significant side effects, such as
hemorrhaging [14]. Enhancing the drug’s ability to accu-
mulate in the kidneys, therefore, could increase hirudin’s
therapeutic effects while decreasing the potential for
harmful side effects at the same time.
Targeted therapy uses small (10-200 nm) pharmaceut-

ical carriers, such as low molecular weight proteins,
microspheres, micro-capsules, and liposomes to encap-
sulate drugs and deliver them to specific organs [15, 16].
Liposomes consist of phospholipid and quaternized
cholesterol. They have high permeability, are widely used
to deliver drugs to a target position [17, 18], and have
high renal targeting potential. A recent study showed
that the accumulation of doxorubicin in the kidneys of
rats that received an injection of doxorubicin-loaded
liposomes was significantly higher compared to rats that
received an injection of doxorubicin alone [19].
Given the effects of hirudin on DN, and the renal

targeting potential of liposomes, we hypothesized that a
hirudin-loaded liposome could increase the delivery of
hirudin to the kidneys. In this study, we prepared a
hirudin/liposome complex and compared the renal
targeting between the hirudin/liposome complex to that
of hirudin alone in a rat model. We also investigated the
possible mechanisms behind the effects of the hirudin/
liposome complex.

Methods
Animals and reagents
The following were used in the course of our experi-
ments: Male Sprague Dawley rats (Weitonglihua CO.,
LTD., Beijing, China); Hirudin (Kekang medical science
CO., LTD., Nanning, China); distearoyl phosphatidylcho-
line (DSPC) (TC1, Shanghai, China); streptozotocin
(STZ) (Sigma-Aldrich Inc., St. Louis, USA); Cr, BUN,
and total urine protein test kit (Beihuakangtai CO.,
LTD., Beijing, China); Rabbit-anti-rat VEGF and TGF-β
antibody (Biosynthesis Biotechnology Co., Beijing,
China); PV-6001 immunostaining test kit (Zhongshan-
jinqiao biology science CO., LTD., Beijing, China);
Hirudin Elisa test kit (American Diagnostica Inc., USA);
extract total RNA kit, first-stand cDNA reverse tran-
scription kit, polymerase chain reaction kit and primers
(TianGen Biotechnology Co., Ltd., Beijing, China).

Building the hirudin/liposome complex
First, the betainylated cholesterol (BC) was synthesized
[20]. To prepare the liposome, we started with DSPC
and BC at a molar ratio of 4:3 The two were mixed and
dissolved in a solvent of chloroform and methanol (v/v,
4:1). The solution was then dried at 40 °C to obtain a
thin lipid film, which was hydrated at 60 °C until totally
hydrated, and then sonicated and extruded five times
using a 200 nm filter to obtain the liposome.

To assemble the hirudin/liposome complex, the
DSPC/BC lipid film were prepared using the same
method above, after which 7 mL of lipid film was hy-
drated with 18 mL of phosphate-buffered saline (PBS)
that contained hirudin (66 mg/mL) at 60 °C until totally
hydrated. Finally, the hydrated lipid film and the hirudin
mixture were sonicated and extruded five times using a
200-nm filter to obtain the hirudin/liposome complex.
The morphology of the hirudin/liposome complex were
characterized using transmission electron microscopy
(TEM). The size and stability of hirudin/liposome
complex were measured using dynamic light scatter
(DLS) within 1 week.

Table 1 Primer sequences of target genes in the rat model

Genes Primer sequence (5′-3′)

β-actin Forward: ACC CGC GAG TAC AAC CTT CT

Reverse: TCA GGG TCA GGA TGC CTC T

TGF-β1 Forward: CTT TGG ATG CCG CCT ATT GC

Reverse: CCC CAG CAC AGA AGT TAG CA

VEGF Forward: CCT GGC TTT ACT GCT GTA CCT

Reverse: GCT GGT AGA CGT CCA TGA ACT

Fig. 1 a TEM image of liposome; and b) the hirudin/liposome complex
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In vitro release study of hirudin/liposome complex
In vitro time-dependent hirudin release from the lipo-
some was preformed by an α-phthaldialdehyde (OPA)
assay after incubating the hirudin/liposome complex at
4 °C and 37 °C respectively. Hirudin/liposome complexes
(2 mg) were dispersed in 2 mL PBS for 60 h. The release
of hirudin was determined every 5 h based on the OPA
method [20].

Animals
Fifty male SD rats 8 weeks of age were housed at room
temperature (23 ± 1 °C) with a 12 h light/dark cycle
(lights on from 0600 to 1800). Food and water were
available ad libitum. All experiments were carried out
according to the institutional regulations and national
criteria for animal experimentation.

Investigation of the accumulation of hirudin in the
kidneys
Twenty rats were randomly divided between a hirudin
group and a hirudin/liposome group. The hirudin group
received only a hirudin injection (1 mg/kg) through the
tail vein, while the hirudin/liposome group received a hi-
rudin/liposome complex injection (1.16 mg/kg, 1 mg/kg
hirudin relatively) through the tail vein. After 6 h, all ani-
mals were sacrificed by cervical dislocation. The kidneys
were removed and 0.1 g of the tissue was weighed and
put into 900 μl of normal saline, followed by ultrasonic
trituration and centrifuge at 3000 rpm for 15min to

obtain a homogenate of tissue. The supernatant was
obtained to determine the kidney’s hirudin levels.

Enzyme-linked immunosorbent assay (ELISA)
As shown previously, the levels of hirudin in the renal
tissue homogenate were measured with a microplate
reader using commercially available ELISA reagents, ac-
cording to the manufacturer’s instructions [21]. The
ELISA results were verified using intra- and inter-assay
coefficient of variation (CV), which for the same renal
tissue homogenate were 6.97 and 7.20% respectively.

Hirudin/liposome treatment
Fifty rats were randomly divided into 5 groups: a control
group, a model group, a liposome group, a hirudin
group, and a hirudin/liposome group. The control group
received normal feeding. For 6 weeks, the rats in the
model, liposome, hirudin, and hirudin/liposome groups
all received a high-fat / high-sugar diet (base feed 64%,
lard oil 8%, egg yolk powder 10%, sucrose 18%, and so-
dium cholate 1%) to induce insulin resistance. This was
followed by an intraperitoneal injection of STZ (35 mg/
kg) to induce DN [22]. Afterwards, all the rats with DN
received the high-fat diet daily. Additionally, the model
group received an intraperitoneal injection of 0.5 ml of
normal saline for 12 weeks. The liposome, hirudin, and
hirudin/liposome groups all received an intraperitoneal
injection with 0.5 ml liposome, hirudin (1 mg/kg), and
the hirudin/liposome (1.16 mg/kg with 1 mg/kg hirudin),
respectively, for 12 weeks.

Blood glucose levels of rats
The rats’ blood glucose levels were measured every 2
weeks after the STZ injection with glucose test strips
(ACCU-CHEK, China).

Table 2 Size and Zeta potential of liposome and hirudin/
liposome complex

Diameter
(nm)

Polydispersity Zeta potential
(mV)

Liposome 178.31 ± 4.18 0.16 ± 0.03 −16.15 ± 0.53

Hirudin/liposome
complex

191.49 ± 3.67 0.14 ± 0.02 −15.82 ± 0.71

Fig. 2 DLS spectra showing the particle size of the liposome and
the hirudin/liposome complex did not change significantly within
one week

Fig. 3 In vitro time-dependent hirudin release from hirudin/
liposome complex at 4 °C and 37 °C respectively
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Renal function
Twelve weeks after the STZ injection, urine was
collected using a metabolic cage, and blood was ob-
tained from the retrobulbar plexus for serum bio-
chemistry analysis. Blood samples were centrifuged at
3000 rpm for 15 min, and serum was collected and
kept at − 80 °C for analysis as described below.
Serum creatine (Cr), blood urea nitrogen (BUN), and
24-h urine protein were tested on a plate reader
using a reagent kit.

Histology
After the blood was obtained, all animals were sacrificed
by cervical dislocation. The kidneys were removed and
fixed in formalin. They were then embedded in paraffin
and cut into 5 μM sections. Sections were stained with
haematoxylin and eosin (H&E).

RNA isolation and real-time reverse transcription
quantitative polymerase chain reaction (RT-PCR)
Total RNA was isolated from the rat kidneys using an
RNA extraction kit. First, strand cDNA was synthesized
from 1μg of the total RNA according to the manufac-
turer’s instructions. Quantitative reverse transcription
PCR (qRT-PCR) was used to detect the expression of
β-actin, TGF-β1, and VEGF, as previously described
[23]. All samples were run in triplicate and detected
by BIORAd iQ5. β-actin was used as a loading con-
trol. Quantification was undertaken using the 2-△△CT
method [24]. The sequences of all primers are listed
in Table 1.

Immunostaining
The levels of VEGF and TGF-β1 in the kidneys were
assessed by immunostaining as previously described
[25]. The data were analyzed with Image Pro Plus. The
relative levels of VEGF and TGF-β1 were quantified and
compared to the control group. Twenty randomly
selected color video images of 512 × 512 pixels with a
resolution of 0.4348 μm were recorded. The integrated
optical density was observed based on the RGB color
parameter. To control for non-specific staining of
primary antibodies, negative control experiments were
conducted using the omission of the primary anti-
bodies and the preadsorbtion of primary antibodies
with a more than 25 x molar excess of the protein
(VEGF and TGF-β1) to be raised against the primary
antibody. In addition, specific immunostaining pat-
terns of VEGF and TGF-β1 in rat kidneys were used
as positive controls.

Statistical analysis
All data were analyzed using a one-way analysis of vari-
ance (ANOVA) followed by Newman–Keuls multiple-

Fig. 4 Six hours after injection of the hirudin/liposome complex, hirudin levels in the kidneys were significantly higher in hirudin/liposome
complex-treated rats compared with the hirudin-treated rats. Hirudin treated rats (n = 10); Hirudin/liposome complex treated rats (n = 10).
**:P<0.01 compared with hirudin-treated rats

Fig. 5 After STZ injection, levels of blood glucose in the Model,
Liposome, Hirudin and the Hirudin/liposome complex groups were
significantly higher compared with the Control group, although the
hirudin/liposome complex treatment did not lead to a decrease in
the blood glucose level in DN rat models. Control group (n = 10),
model group (n = 7), liposome group (n = 7), hirudin group (n = 8),
hirudin/liposome complex group (n = 7):P<0.05;*:P<0.01
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test comparison (mean ± SD). Statistical significance was
determined at a p-value < 0.05. Analyses were done with
SPSS version 20.0. Curve-fitting was carried out using
GraphPad Prism5.

Results
Characterization of hirudin/liposome complex
The morphology of the liposome and hirudin/liposome
complex was observed by TEM. As shown in Fig. 1, both

b

c

a

Fig. 6 The hirudin/liposome complex treatment reduced the levels of serum BUN (a), Cr (b), and 24-h urine protein (c) in DN rat models. Control
group (n = 10), Model group (n = 7), Liposome group (n = 7), Hirudin group (n = 8), Hirudin/liposome complex group (n = 7). ##:P<0.01 compared
with the Control group; *:P<0.05 compared with the Model group;**:P<0.01 compared with the Model group
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the liposome and the hirudin/liposome complex were
evenly distributed and had a uniform spherical shape,
with an average size of ~ 180 nm and ~ 190 nm respect-
ively. Dynamic light scattering (DLS) measurement
showed the initial liposome particle size was 178.31 ±
4.18 nm and the initial particle size of the hirudin/lipo-
some complex was 191.49 ± 3.67 nm (Table 2). No
significant changes were observed in the size of the lipo-
some or the hirudin/liposome complex within 1 week in
PBS (Fig. 2), indicating it was stable.

In vitro hirudin release of hirudin/liposome complex
To determine whether hirudin could be released from
the hirudin/liposome complex, we investigated the re-
lease kinetics at different times. We further explored
whether hirudin could be released from the hirudin/lipo-
some complex spontaneously during storage, and

compared the hirudin release at 4 °C and 37 °C, re-
spectively. As shown in Fig. 3, hirudin was barely evi-
dent at 4 °C, with < 5% release, but the rate increased
continuously in the first 10 h at 37 °C. Nearly 30% of
total hirudin release was observed within the first 5 h,
and ~ 80% release over 10 h. These results showed
that the hirudin/liposome complex was stable at 4 °C
and rapidly released hirudin at a standard physio-
logical temperature.

Accumulation of hirudin in kidney
Six hours after hirudin and the hirudin/liposome com-
plex had been injected, the degree of hirudin accumula-
tion in the kidneys was analyzed using ELISA. Hirudin
levels were significantly higher in rats that received the
hirudin/liposome complex injection compared to rats
injected with hirudin alone (P<0.01, Fig. 4), indicating

Fig. 7 HE staining indicated that pathological changes including the hyperplasia of the glomerular mesangial matrix, tubular atrophying and
infiltration of inflammatory cells could be noted in Model group. The hirudin/liposome complex treatment reduced the atrophying of kidney
tubules and infiltration of inflammatory cells in the DN rat model. (Red arrows indicate hyperplasia of the glomerular mesangial matrix; black
arrows indicate atrophying of kidney tubules; blue arrows indicate infiltration of inflammatory cells, 20x). Control group (n = 10), Model group
(n = 7), Liposome group (n = 7), Hirudin group (n = 8), Hirudin/liposome complex group (n = 7)
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that the hirudin/liposome complex led to greater accu-
mulation of hirudin in kidney tissues.

Blood glucose in DN rat models
Two weeks after the STZ and hirudin/liposome complex
treatments, blood glucose levels had increased in the
Model, Liposome, Hirudin, and Hirudin/liposome
complex groups compared with the Control group
(P < 0.01, respectively Fig. 5), indicating that rats had
acquired DN. Twelve weeks after the STZ treatment,
blood glucose levels were still higher in the four
treatment groups compared to the Control group
(P < 0.01, respectively Fig. 5), but there was no signifi-
cant difference in the blood glucose levels among the
Liposome, Hirudin and Hirudin/liposome complex,
and Model groups (P>0.05, Fig. 5).

Renal function in DN rat models
BUN and Cr levels were significantly higher in the Model
group compared with the Control group (P < 0.05, Fig. 6a,
b). However, BUN levels were significantly lower in both
the Hirudin (P < 0.05, Fig. 6a) and the Hirudin/lipo-
some complex groups (P < 0.01, Fig. 6a) compared to
the Model group. Cr levels were lower as well in the
Hirudin/liposome complex group compared to the
Model group (P < 0.05, Fig. 6b). Levels of 24-h urine
protein were higher in the Model group compared to
the Control group (P < 0.01, Fig. 6c), but were lower
in the Hirudin/liposome complex group compared to
the Model group (P < 0.05, Fig. 6c).

Pathological findings in DN rat models
Compared to the rats in the control group, rats in the
Model group developed marked pathological changes in

a

b

Fig. 8 Gene expression of VEGF (a) and TGF-β1 (b) in the kidneys was down-regulated in the Hirudin/liposome complex group compared with
the Model group. Control group (n = 10), Model group (n = 7), Liposome group (n = 7), Hirudin group (n = 8), Hirudin/liposome complex group
(n = 7). ##:P<0.01 compared with Control group; *:P<0.05 compared with Model group
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the glomerulus, including hyperplasia of the glomerular
mesangial matrix. In addition, tubular atrophying and in-
filtration of inflammatory cells could also be noted in
the model group. The infiltration of inflammatory cells
was relieved in both the Hirudin group and the Hirudin/
liposome complex group. The latter also showed a clear
reduction in the atrophying of the kidney tubules (Fig. 7)
.

VEGF and TGF-β1 gene expression in kidney tissue
We investigated the gene expression of VEGF and TGF-
β1 in the kidneys using qRT-PCR. The expression of
both VEGF and TGF-β1 in the kidneys was up-regulated
in the Model group compared with the Control group
(P<0.01, Fig. 8a, b), whereas VEGF expression was
down-regulated in the Hirudin and Hirudin/liposome
complex groups compared to the Model group (P<0.05
and P<0.01, respectively Fig. 8a) TGF-β1 expression in

the kidneys was down-regulated in the Hirudin/liposome
group compared with the Model group (P<0.05, Fig. 8b).

Immunostaining of VEGF and TGF-β1 in kidney tissue
The protein levels of VEGF and TGF-β1 in kidneys were
measured using immunostaining. The positive, negative,
and preadsorbtion controls of immunostaining were
shown in Fig. 9. As shown in Fig. 9, VEGF was expressed
in the epithelium of the glomerulus (Fig. 9e), and TGF-
β1 was expressed in the stroma of the glomerulus and
kidney tubules (Fig. 9f ). Consistent with the qRT-PCR
data, the levels of VEGF and TGF-β1 were higher in the
Model group compared with the Control group (P<0.01,
Fig. 10a-d). Moreover, VEGF levels decreased in the
Hirudin group and the Hirudin/liposome complex group
compared to the Model group (P<0.05 and P<0.01,
Fig. 10a, c). The levels of TGF-β1 decreased in the
Hirudin group and the Hirudin/liposome complex group

a b

c d

e f

Fig. 9 The negative controls of VEGF (a) and TGF-β1 (b) and pre-adsorbtion controls of VEGF (c) and TGF-β1 (d) showed a complete abolishment
of specific signals for all antibodies. Positive contols for VEGF (e) and TGF-β1 (f) staining showed a apecific staining partterns in the vascular
epithilial cells for VEGF and in the stroma cells for TGF-β1(40x)
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compared with the Model group (P<0.01, Fig. 10b, d).
There were no significant differences in renal VEGF and
TGF-β1 expression in the Liposome group compared
with the Model group (P>0.05, Fig. 10a-d).

Discussion
In this study, we compared the accumulation of hirudin
in the kidneys when it was injected by itself and when it
was administered via a hirudin/liposome complex. Our
results show that the degree of hirudin accumulation in
the kidneys of rats that received the hirudin/liposome
complex injection significantly increased, indicating a
significant renal targeting effect of the complex.
Additionally, we established the animal model of DN

through a high-fat and high-sugar diet and an injection
of STZ. Rats in the model group exhibited severe renal
injury, which was reflected in the increasing levels of
blood glucose, Cr, BUN, and 24-h urine protein. Further-
more, pathology studies of the kidney showed hyper-
plasia of the glomerular mesangial matrix, atrophying
of kidney tubules, and the infiltration of inflammatory
cells. These results indicate that DN in rats went into
a proteinuria stage. Results further showed the hiru-
din/liposome complex could relieve the renal injury
in the DN rat model. However, neither hirudin nor
the hirudin/liposome complex could influence blood
glucose levels.
VEGF could contribute to the transformation of

endothelial cells into a vascular loop and influence the
glomerular filtration membrane system, which plays an
important role in vascular formation. Abnormal expres-
sion of VEGF after kidney maturation is one of the
mechanisms in proteinuria. The overproduction of
VEGF could alter the permeability of the glomerulus and
contribute to proteinuria [2]. This study demonstrated
that inhibiting the expression of VEGF may be one
function of the hirudin/liposome complex.
We also demonstrated that the hirudin/liposome

complex could inhibit the expression of TGF-β1.
Accumulation of the extracellular matrix is a cause of
glomerulosclerosis and tubulointerstitial fibrosis in the
pathological process of DN. TGF-β1 could also induce
the adhesion and sedimentation of the intercellular
matrix and inhibit the degradation of the cellular matrix,
finally contribuing to tubulointerstitial fibrosis [3, 26].

a

b

c

d

Fig. 10 Immustaining indicated that VEGF levels in the epithelium
of the glomerulus (a, c) and TGF-β1 (b, d) levels in the stroma of the
glomerulus and kidney tubules were decreased in the Hirudin/
liposome complex group compared with the Model group (40x).
Control group (n = 10), Model group (n = 7), Liposome group (n = 7),
Hirudin group (n = 8), Hirudin/liposome complex group (n = 7).
##:P<0.01 compared with Control group; *:P<0.05 compared with
Model group;**:P<0.01 compared with Model group
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Therefore, inhibiting the TGF-β1 could slow or even halt
the progression of DN.

Conclusion
Our study demonstrated that the hirudin/liposome com-
plex has significant renal targeting effects and thus can
have a positive treatment effect on DN. The mechanism
of the hirudin/liposome complex may be that it inhibits
the expression of VEGF and TGF-β1 in the kidneys.
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