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Abstract: Catalpol, isolated from the roots of Rehmanniaglutinosa, Chinese foxglove, is an iridoid glycoside with
antioxidant, anti-inflammatory and anti-hyperglycemic agent. The present study was to investigate the effects of
catalpol on diabetic atherosclerosis in alloxan-induced diabetic rabbits. Diabetes was induced in rabbits by a hy-
perlipidemic diet and intravenous injection of alloxan (100 mg/kg). Rabbits were treated for 12 weeks. The fasting
blood glucose, insulin, homeostasis model of insulin resistance, total cholesterol and triglyceride were measured.
The thoracic aorta was excised for histology. The plasma and vascular changes including some markers of oxidative
stress, inflammatory cytokines and fibrosis factors were examined. Plasma levels of fasting blood glucose, insulin
and homeostasis model of insulin resistance were significantly decreased in catalpol group. Catalpol treatment
ameliorated diabetic atherosclerosis in diabetic rabbits as demonstrated by significantly inhibited neointimal hy-
perplasia and macrophages recruitment. Catalpol treatment also enhanced the activities of superoxide dismutase,
glutathione peroxidase, and increased the plasma levels of total antioxidant status, meanwhile reduced the levels
of malondialdehyde, protein carbonyl groups and advanced glycation end product. Furthermore, catalpol also re-
duced circulating levels of tumor necrosis factor-a, monocyte chemotactic protein-1 and vascular cell adhesion
molecule-1. Catalpol also decreased transforming growth factor-f1 and collagen IV mRNA and protein expressions
in the vessels. Catalpol exerts an ameliorative effect on atherosclerotic lesion in alloxan-induced diabetic rabbits.
The possible mechanisms may be related to inhibition of oxidative stress inflammatory response and anti-fibrosis
and reduced aggregation of extracellular matrix.
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Introduction Oxidative stress and inflammation play funda-
mental roles in the pathogenesis of atheroscle-
rosis in DM [6, 7]. It is possible that oxidative
stress induced by hyperglycemia and hyperlip-
idemia, along with products of glycation and
lipid peroxidation, plays critical roles in inducing
inflammatory cytokines expression [8]. Along-
side the increased reactive oxygen species
(ROS) generated in diabetes [9], ROS produc-
tions are markedly increased along with an
obvious decline in the antioxidant defense sys-

Diabetes mellitus (DM) is the most common
metabolic disease characterized by chronic
hyperglycemia and is associated with long-term
complications. The most common and life-
threatening complication is cardiovascular dis-
eases (CVD) [1, 2]. Atherosclerosis is acceler-
ated in diabetes’, leads to the development of
CVD. Although the precise mechanisms of the
accelerated atherosclerosis are still unclear,

many factors attributed to the development of
atherosclerosis in diabetes have been report-
ed, such as hyperglycemia, insulin resistance,
dyslipidemia, oxidative stress, inflammation
and increased generation of advanced glyca-
tion end products (AGEs) [3-5].

tems [10, 11]. In conjunction with oxidative
stress, the levels of the inflammatory cytokines
including TNF-o, MCP-1 and VCAM-1 are elevat-
ed in diabetic individuals [7, 12, 13]. Esposito K
et al. reported that the release of TNF-a induced
by high glucose in vitro experiments may be
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mediated by ROS and oxidative stress be impli-
cated in promoting systemic inflammation in
diabetic patients [14]. Therefore, antioxidant
and anti-inflammatory therapy may prove to be
effective therapeutic tools in preventing diabet-
ic atherosclerosis.

Catalpol, the most abundant bioactive compo-
nent in the roots of Rehmanniaglutinosa, is an
iridoid glucoside. It has been reported that
catalpol can ameliorate hyperglycemia [15,
16], neurotoxicity [17, 18], and diabetic enceph-
alopathy [19]. In addition, catalpol has anti-oxi-
dative and anti-inflammatory effects [20]. How-
ever, there is no report about the effects of
catalpol on diabetic atherosclerosis in alloxan-
induced diabetic rabbits.

Based on the above background, we aimed to
evaluate the protective effects of catalpol in
diabetic atherosclerosis in alloxan-induced dia-
betic rabbits. And also to investigate the possi-
ble mechanisms involved in ameliorating oxida-
tive stress and inflammation.

Materials and methods
Drug preparation

Catalpol (purity >98%, molecular formula: C
H,,0,,, molecular weight: 362.33) was purch-
ased from the National Institute for the Control
of Pharmaceutical and Biological Products
(Beijing, China). Catalpol was dissolved in nor-
mal saline solution as a vehicle for its adminis-
tration as previously described [21]. Catalpol
was administered 5 mg/kg once a day. The
dosage of catalpol used in this study was cho-
sen as indicated by our prior preliminary experi-
ments [20].

Animals and treatment protocols

The Guidelines for the Care and Use of
Laboratory Animals published by the Chinese
National Institutes of Health were followed
while using live animals. The protocol was
approved by the Animal Ethics Committee of
Weifang Medical University (WYLY 2013-006,
Jun 12, 2013). Twenty-eight male 4-month-old
New Zealand White rabbits (2.5-2.8 kg), obta-
ined from Experimental Animal Center of Wei-
fang Medical University, were housed in indi-
vidual cages under controlled temperature and
a 12 h light/dark cycles. All rabbits were pro-
vided with standard diet and water ad libitum.
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After a week of acclimation to the experimental
area, the diabetic rabbit model was developed
using a hyperlipidemic diet plus alloxan similar
to that employed in previously studies [22]. The
hyperlipidemic diet consisted of 1% cholesterol
and 10% lard. The NC group was given a stan-
dard diet. After 4 weeks of dietary intervention,
the diabetic rabbit models were injected intra-
venously with alloxan monohydrate (dissolved
in saline solution, 100 mg/kg, Sigma, USA) to
induce diabetes. The rabbits with fasting blood
glucose levels above 11.1 mmol/I were consid-
ered diabetic and were fed with the hyperlipid-
emic diet continually. All the rabbits were ran-
domly divided into 4 groups with seven in each
group: the NC group was treated with saline in
a matched volume, the DM group had diabetic
rabbits treated with saline in a matched vol-
ume, the metformin group had diabetic rabbits
administered with metformin (Shi Guibao Co.
Ltd, Shanghai, China) 50 mg/kg/d, and the
catalpol group had diabetic rabbits adminis-
tered with catalpol 5 mg/kg/d. All medicines
were administered by oral gavage for 12 weeks.
Body weight, fasting blood glucose, insulin and
HOMA-IR were measured every 4 weeks. At the
end of 12 weeks, fasting blood samples were
obtained from the marginal ear vein for plasma
separation. Plasma samples obtained from
centrifugation at 4000xg for 10 min and were
stored at -70°C until laboratory analysis. To
obtain thoracic aortas, all rabbits were sacri-
ficed humanely with an overdose of pentobarbi-
tal intravenously. Thoracic aortas were rapidly
excised and fixed in 10% formaldehyde solution
for subsequent histological analysis.

Determination of glucose, insulin and lipid
levels

The plasma levels of glucose and insulin were
determined respectively by glucose oxidase
and radioimmunoassay method using commer-
cial diagnostic kits (Nanjing Jiancheng Biote-
chnology Institute, China). Plasma total choles-
terol (TC) and triglyceride (TG) were detected by
an automatic blood chemical analyzer (Olym-
pus, AU 600, Japan).

Determination of homeostasis model of insulin
resistance

Insulin resistance was evaluated by homeosta-

sis model assessment estimate of insulin resis-
tance (HOMA-IR) [23] as follows: HOMA-IR =
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Fasting insulin level (uU/ml)x Fasting blood glu-
cose (mmol)/22.5.

Oxidative stress status analysis in plasma

The plasma concentrations of MDA, PCG and
AGEs as well as the activities of SOD, GSH-Px
and TAS were all determined by using commer-
cially available kits (Nanjing Jiancheng Biote-
chnology Institute, China). Concentrations of
plasma MDA, PCG and AGEs in the present
study were used to indicate the oxidation state.
MDA content was measured as thiobarbituric
acid reactive substances (TBARS) according to
the manufacturer’s instructions [24]. PCG con-
centration was assayed by the modified meth-
od of Levine et al. reported [25] according to
the manufacturer’s instructions. AGEs concen-
tration was measured by specific ELISA kit
according to the manufacturer’s instructions.
Plasma SOD, GSH-PX activities and TAS were
used to evaluate the antioxidant status in rab-
bits. SOD activity was assayed using the hydrox-
ylamine oxidation assay method of Kakkar et
al. reported [26]. One unit (U) of SOD activity
was defined as the amount of enzyme neces-
sary to reduce hydroxylamine by 50%. GSH-PX
activity was evaluated by the 5-5-dithiobis
(2-nitrobenzoic acid) (DTNB) method [27]. One
U of GSH-PX activity was defined as 1 uymol/I
GSH consumption per minute at pH 7.0 and
37°C. TAS was assessed using colorimetry
according to the manufacturer’s instructions
[28].

Inflammatory cytokines in plasma and trans-
forming growth factor-B1 in vascular

Plasma concentrations of TNF-a, MCP-1 and
VCAM-1 and transforming growth factor-1
(TGF-B1) in vascular were measured by specific
ELISA kits (Boster Biotechnology Co., Ltd, Wu-
han, China) according to the manufacturer’s
instructions. Optical density was read at 450
nm using THERMO microplate reader. Standard
curve was generated by correlating the known
concentration and the corresponding optical
densities.

Histological and immunohistochemical stain-
ing

To determine the effect of catalpol on diabetic
atherosclerosis, hematoxylin-eosin (HE) and
immunohistochemical staining were performed
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on 5 mm-thin paraffin sections from thoracic
aortas. Intima-media thickness was evaluated
by HE staining according to the method of
Zhang et al. [29]. The expression of macro-
phages and vascular smooth muscle cells
(VSMCs) was evaluated by immunohistochemi-
cal method. After routine deparaffinization and
rehydration, 5 mm-thin paraffin sections were
incubated with 3% hydrogen peroxide for 10
minutes, and then with 5% BSA serum for 20
minutes. Subsequently, they were immunos-
tained with macrophages, monoclonal antibody
(mAb) RAM-11 (DAKO, dilution 1:200) and sm-
ooth muscle cells, mAb HHF-35 (DAKO, dilution
1:200) overnight at 4°C, and then with horse-
radish peroxidase complex system (1:200,
Santa Cruz, USA) as a secondary antibody for
30 minutes at 37°C. Visualisation of a positive
reaction was developed with the use of a DAB
Peroxidase Substrate Kit (Vector Laboratories)
to display the reaction product with a brown
color and the sections were then counter-
stained with hematoxylin. All the photographs
were analyzed using Image-Pro Plus6.0 (Media
Cybernetics, USA). Incubation with PBS instead
of the primary antibody was used as a negative
control.

Quantification of mRNA levels

Vascular tissues were lysed in TRIZOL reagent
and total RNA was isolated. The protocol of syn-
thesis of cDNA is previously described [30]. For
quantification of TGF-B1 and Collagen IV tran-
scripts, conventional real-time RT-PCR was car-
ried out with total RNA samples extracted from
the blood vessel.

Western blot analyses

The protein samples were extracted from aorta,
following essentially the same procedure as
described in detail elsewhere [30]. Protein
samples (50 pg) were fractionated by SDS-
PAGE (7.5-10% polyacrylamide gels). The pri-
mary antibodies against Collagen IV (Abcam),
with B-actin (Abcam) used as an internal
control.

Statistical analysis

All the data were analysed using SPSS (version
18.0) for Windows. Data was expressed as
mean + SE. Statistical analysis was performed
using one-way analysis of variance (ANOVA).
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Figure 1. Effects of catalpol on body weight, blood glucose, insulin, HOMA-IR and lipid. A: Effects of catalpol on Body
weight. B: Effects of catalpol on plasma blood glucose. C: Effects of catalpol on plasma insulin. D: Effects of catalpol
on HOMA-IR. E: Effects of catalpol on plasma TC. F: Effects of catalpol on plasma TG. *P < 0.05 and **P < 0.01 vs
NC; #P < 0.05 and ##P < 0.01 vs DM; &P < 0.05 vs catalpol.

Bartlett's box-test was used to test the homo-
geneity of variance. Individual differences am-
ong groups were analyzed by Dunnett-t test. A
significance level of P < 0.05 was required for
all tests.

Results

Effects of catalpol on body weight, blood glu-
cose, insulin, HOMA-IR and lipid

All the rabbits completed the experimental pro-
cess. There were no significant differences in
mean body weight at baseline. With the prog-
ress of the experiment, the plasma levels of
blood glucose, HOMA-IR, TC and TG were sig-
nificantly increased, but the plasma insulin and
body weight were significantly reduced in dia-
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betic rabbits compared with normal rabbits.
Catalpol and metformin treatment could both
significantly improved plasma insulin level and
body weight, and decreased the blood glucose
and HOMA-IR in diabetic rabbits. Catalpol and
metformin could both reduced plasma levels of
TG and TC compared to the diabetic rabbits,
however the result for catalpol was not statisti-
cally significant (Figure 1). These findings sug-
gest that catalpol improved hyperglycemia and
hypoinsulinemia, but had no effect on plasma
lipids profiles in diabetic rabbits.

Effects of catalpol on oxidative stress
MDA, PCG and AGEs are widely recognized as

presumptive biomarkers of enhanced oxidative

Am J Transl Res 2016;8(10):4278-4288
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Figure 2. Effects of catalpol on oxidative stress. A: Effects of catalpol on plasma SOD. B: Effects of catalpol on
plasma GSH-px. C: Effects of catalpol on plasma TAS. D: Effects of catalpol on plasma MDA. E: Effects of catalpol on
plasma PCG. F: Effects of catalpol on plasma AGEs. *P < 0.05 and **P < 0.01 vs NC; #P < 0.05 and ##P < 0.01 vs

DM; &P < 0.05 vs catalpol.

stress. The generations of MDA, PCG and AGEs
were increased significantly in the DM group
compared with the NC group (P < 0.05) (Figure
2). Catalpol treatment markedly decreased the
plasma concentration of MDA, PCG and AGEs
compared with the DM and metformin group (P
< 0.05) (Figure 2). The activities of SOD, GSH-
Px and plasma level of TAS were used to evalu-
ate the antioxidant status in rabbits. The reduc-
tion of SOD, GSH-Px activity and TAS level in the
DM group were remarkably preserved after
catalpol and metformin treatment. There were
significant differences between catalpol and
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metformin group (Figure 2). These data sug-
gest that catalpol attenuates oxidative stress
in alloxan-induced diabetic rabbits by inhibit-
ing oxidation and promoting the antioxidant
capacity.

Effects of catalpol on inflammatory cytokines

Inflammation plays a pivotal role in atheroscle-
rosis. Therefore, we assessed inflammatory
cytokines expression in plasma. Plasma levels
of TNF-a, MCP-1 and VCAM-1 were significantly
increased in the DM group compared with the

Am J Transl Res 2016;8(10):4278-4288
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Figure 3. Effects of catalpol on inflammatory cytokines. A: Effects of catalpol on plasma TNF-a. B: Effects of catalpol
on plasma MCP-1. C: Effects of catalpol on plasma VCAM-1. *P < 0.05 and **P < 0.01 vs NC; #P < 0.05 and ##P

< 0.01 vs DM; &P < 0.05 vs catalpol.
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Figure 4. Effects of catalpol on atherosclerotic lesions. A(a-d) and B: Histology illustrations and effect of catalpol on
intima-media thickness of atherosclerotic lesions by HE staining. A(e-i) and C: Histology illustrations and effect of
catalpol on VSMCs of atherosclerotic lesions by immunohis to chemical staining. A(j-m) and D: Histology illustrations
and effect of catalpol on macrophage infiltration of atherosclerotic lesions by immunohis to chemical staining. *P <
0.05 and **P < 0.01 vs NC; #P < 0.05 and ##P < 0.01 vs DM; &P < 0.05 vs catalpol.

NC group as the experiment time progressed (P
< 0.05). In contrast, catalpol treatment mark-
edly reduced the levels of TNF-a, MCP-1 and
VCAM-1 compared with DM group and metfor-
min group (P < 0.05). There were significant dif-
ferences between the DM and metformin
groups (Figure 3). These data suggested that
catalpol might suppress inflammation in allox-
an-induced diabetic rabbits through reducing
the over-expression of TNF-&, MCP-1 and VCAM-
1 in circulation.

Effects of catalpol on atherosclerotic lesions

The lipid content of the plaques was deter-
mined by HE staining of the thoracic aorta sec-
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tions. Intima-media thickness was significantly
increased in the DM group compared with the
NC group (P < 0.05). However, catalpol treat-
ment markedly inhibited neointimal hyperpla-
sia compared with the DM and metformin group
(P < 0.05). There was significant difference
between the DM and metformin groups (Figure
4). Plaque content of the VSMCs and macro-
phage infiltration was determined by immuno-
histochemical staining of the thoracic aorta
sections, as shown in Figure 4. Our results
showed that the content of VSMCs in plaque
was higher in the DM group than that of the NC
group, whereas it was lower in catalpol and
metformin groups. Meanwhile, rabbits in the

Am J Transl Res 2016;8(10):4278-4288
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Figure 5. Effects of catalpol on TGF-B1 and collagen IV. A: Effects of catalpol on vascular TGF-31 mRNA. B: Effects
of catalpol on vascular TGF-B1 protein. C: Effects of catalpol on vascular collagen IV mRNA. D: Effects of catalpol
on vascular collagen IV protein. *P < 0.05 and **P < 0.01 vs NC; #P < 0.05 and ##P < 0.01 vs DM; &P < 0.05 vs

catalpol.

DM group showed extensive macrophage infil-
tration into the wall of aorta. However, the mac-
rophage content was lower in catalpol and met-
formin groups. Significant difference between
the catalpol and metformin groups was obs-
erved. These findings suggest that catalpol can
attenuate atherosclerotic lesions and delay
atherosclerosis progression in alloxan-induced
diabetic rabbits.

Effects of catalpol on TGF-B1 and collagen IV

Fibrosis and aggregation of extracellular matrix
can also be seen in atherosclerosis. Therefore,
we assessed TGF-B1 and collagen IV expres-
sion in vessel with and without atherosclerotic
plagues. Vascular expressions of TGF-f1 and
collagen IV mRNA and protein were significantly
increased in the DM group compared with the
NC group (P < 0.05, Figure 5). In contrast, catal-
pol treatment signifcantly decreased the
expressions of TGF-B1 and collagen IV mRNA
and protein compared with DM group and met-
formin group (P < 0.05). There was also similar
significant difference between the DM and met-
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formin group (Figure 5). These data suggested
that catalpol might suppress fibrosis and aggre-
gation of extracellular matrix through reducing
the over-expression of TGF-B1 and collagen IV
in vessel.

Discussion

The present study, observed for the first time,
that catalpol attenuates atherosclerotic lesion
and delays progression of atherosclerosis pro-
gression in alloxan-induced diabetic rabbits.
The protective effects of catalpol were associ-
ated with the reduction of blood glucose and
inhibition of oxidative stress and inflammation,
limiting the progression of diabetic atherosc-
lerosis.

The loss of body weight is one of the threats
associated with DM. We observed that alloxan-
induced diabetic rabbits also tend to lose
weight. Catalpol and metformin treatments re-
versed weight loss in the test rabbits. Hyper-
glycemia and insulin resistance generates
adverse metabolic events in endothelial cells

Am J Transl Res 2016;8(10):4278-4288
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leading to endothelial dysfunction, oxidative
stress augmented, inflammation, and thrombo-
sis [31, 32]. Elevated TG and TC levels also
increase the risk of cardiovascular diseases in
diabetes [33].

In the present study, rabbits in the DM group
exhibit hyperglycemia, insulin resistance and
hyperlipidemia, the hallmarks of diabetic ath-
erosclerosis, setting stage for a more sensitive
evaluation on the effects of catalpol on diabetic
atherosclerosis. Our study showed that oral
supplementation of catalpol significantly dec-
reased the blood glucose level and ameliorated
insulin resistance, as well as, reduced intima-
media thickness. These results suggested that
catalpol has an excellent anti-atherosclerotic
effect in diabetic rabbits. Hyperplasia of VSMCs
and the infiltration of macrophages in the arter-
ies were early events in the development of ath-
erosclerosis [34]. We also noted a reduction in
the expression of o-SM actin and RAM-11.
These observations could explain the reduction
of plaque extension and retardation of athero-
sclerosis in the aorta of diabetic rabbits treated
with catalpol.

Diabetes, insulin resistance and hyperlipidemia
accelerated atherosclerosis by inducing vas-
cular and endothelial dysfunction, enhancing
oxidative stress and increasing the inflamma-
tory response [6, 35]. Elevated serum glucose
level stimulates the formation and accumula-
tion of AGEs, which induce a continuous oxida-
tive stress as well as an increased synthesis of
ROS [36]. MDA, as a product of lipid peroxida-
tion, is considered to be a strong predictor of
CVD and found to be increased in diabetic rats
[37]. Among various oxidative modifications of
proteins, formation of PCG perhaps is an early
marker of protein oxidation and was reported to
be increased in diabetic rabbits [38].

Antioxidants such as SOD, GSH-Px and TAS
were reported to be reduced in diabetic rabbits
[39, 40]. Consistent with previous reports, the
activities of SOD, GSH-Px and TAS significantly
reduced coupling with a marked increase in the
level of MDA, AGEs and PCG in alloxan-induced
diabetic rabbits. Treatment with catalpol mark-
edly inhibited the concentration of MDA, AGEs,
PCG, and promoted the activity of SOD, GSH-Px
and TAS in the serum of diabetic rabbits with
atherosclerosis. The effects of catalpol on oxi-
dative stress were obvious, consistent with pre-
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vious studies [19, 41-43]. These effects dem-
onstrated that catalpol confers antioxidant
effects via inhibiting the oxidation and enhanc-
ing the antioxidant capacity, which is an essen-
tial to promote the anti-atherosclerosis. It's
interesting to note that, the antioxidant effects
of catalpol were better than metformin.

Atherosclerosis is an inflammatory process, ini-
tiated by the adhesion of monocytes to arterial
endothelial cells [34], followed by migration
into the sub-endothelial space triggered by che-
motactic activation processes [44]. Subsequ-
ently, monocytes differentiate into intimal mac-
rophages, taking up lipids and become foam
cells, leading to the formation of fatty streak
lesions, fibrosis and aggregation of extracellu-
lar matrix in vascular walls [45]. Type 2 DM is
increasingly being recognized as resulting from
chronic low grade inflammation [46]. Numerous
researchers reported that the circulating TNF-
o, MCP-1, VCAM-1 are usually elevated in
established type 2 DM [30, 47]. Inflammatory
cytokines are associated with enhanced mac-
rophage adhesion to vascular endothelium,
resulting in neointimal hyperplasia and endo-
thelial dysfunction. Levels of TNF-a, MCP-1,
VCAM-1, TGF-B1 and collagen IV were signifi-
cantly increased in alloxan-induced diabetic
rabbits in the present study, consistent with the
above reports. Treatment with catalpol drasti-
cally decreased the circulating levels of these
inflammatory cytokines and vascular pro- fibrot-
ic factors and reduced aggregation of extracel-
lular matrix compared with DM group and met-
formin group. The anti-inflammatory, anti-fibro-
sis and reducing extracellular matrix aggrega-
tion effects of catalpol were better if not similar
to metformin.

In conclusion, our findings demonstrate that
catalpol has protective effects in alloxan-
induced diabetic rabbits, attenuated oxidative
stress, suppressed inflammatory responses,
has anti-fibrosis effects and reduced aggrega-
tion of extracellular matrix in vascular walls. We
for the first time report catalpol as an alterna-
te anti-hyperglycemic and anti-atherosclerotic
drug in DM with promising effects. Despite the
limitations in our study, the extant results pro-
vided supporting evidence and important novel
pharmacological effect of catalpol, which may
have potential therapeutic value for the treat-
ment and/or prevention of atherosclerosis in
diabetic patients.
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