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Purpose: 7-Difluoromethyl-5, 4’-dimethoxygenistein (DFMG), prepared by the difluoromethylation
and alkylation of Genistein, is an active new chemical entity. Its anti-atherosclerosis effect was
found in a series of studies in vitro. In this article, we explored and evaluated the anti-atherosclerosis
effect via its protection of endothelial function in ApoE™~ mice that were fed a high-fat diet.

Methods: Five C57BL/6] mice were selected as a control group and were fed a 1% high-fat diet
(control group, n=15). Five ApoE~~ mice that were fed a high-fat diet for 16 weeks were selected

"~ mice

as the atherosclerosis model group (model group, n = 5). In the phase I study, 25 ApoE~
were provided a prophylactic treatment with different drugs at the beginning of the 16 week
high-fat diet: 5 mg/gk genistein (genistein 1 group, n=>5), 5 mg/kg lovastatin (lovastatin1 group,
n=>5),2.5 mg/kg DFMG (DFMG L1 group, n=5), 5 mg/kg DFMG (DFMG M1 group, n=5),
and 10 mg/kg DFMG (DFMG H1 group, n =5). In the phase II study, 25 atherosclerosis model,
ApoE~" mice were treated with different drugs and fed a high-fat diet for 16 weeks: 5 mg/gk
genistein (genistein 2 group, n = 5), 5 mg/kg lovastatin (lovastatin 2 group, n = 5), 2.5 mg/kg
DFMG (DFMG L2 group, n = 5), 5 mg/kg DFMG (DFMG M2 group, n = 5), and 10 mg/kg
DFMG (DFMG H2 group, n = 5). The plasma levels of lipids, von Willebrand factor (vWF),
and nitrite were compared between phases I and II. Endothelium-dependent relaxation (EDR),
aortic lesion development, and quantification in thoracic aortas were measured during these
two phase studies.

Results: Compared to the model group, the lipid and vWF plasma levels were significantly
lower, the plasma nitrite levels were significantly higher, the fatty streaks of aortic lesions were
significantly lower, and the endothelium dependent relaxation was significantly higher after both
phase studies (P < 0.05). The DFMG supplementation led to significant plasma nitrite increment
in all groups after both phase studies (P < 0.05).There were significantly decreased fatty streaks
of aortic lesions in DFMG-prevented and DFMG-treated mice (P < 0.05). There was a significant
increase in EDR in all prophylactic treatment groups and treatment groups (P < 0.05). We further
demonstrated that the preventative effect was more obvious than the therapeutic effect.
Conclusion: Our results suggest that DFMG could work in prophylactic and therapeutic treat-
ments for atherosclerosis development.

Keywords: 7-Difluoromethyl-5, 4’-dimethoxygenistein (DFMG), atherosclerosis, ApoE"~ mice,
endothelium dysfunction, prevention

Introduction

Atherosclerosis (AS) is a chronic and degenerative disease of the large artery walls.
It is a leading cause of mortality and morbidity' and is the single most important
cause of cardiovascular disease (CVD), a predominant health problem worldwide.?
Clinical manifestations of atherosclerosis include myocardial infarction, heart
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failure, stroke, and peripheral artery disease, all of which
resulting in irreversible organ damage.’ The incidence rate
of atherosclerotic disease has been on the rise due to dietary
habits that originated in the West, insufficient exercise
brought about by persistent motorization, increased mental
stress from social downturn, and the rapid progression of
aging in society.* As atherosclerosis has a long asymptom-
atic phase and the first manifestation of the disease may be
sudden cardiac death, it is essential to find effective strate-
gies to prevent it.>® Current guidelines for the prevention of
atherosclerotic diseases focus on treatment of established
cardiovascular risk factors to attenuate the subsequent
endothelial dysfunction and damage.® Endothelial dysfunc-
tion (ED) is an early event in atherosclerosis and plays a
pivotal role in the atherogenesis process.’

The endothelium is the main regulator of vascular wall
homeostasis. In response to a variety of noxious stimuli, the
endothelium undergoes phenotypical modulation to a non-
adaptive state (known as “endothelial dysfunction™), which is
characterized by the loss or dysregulation of the homeostatic
mechanisms that operate in healthy endothelial cells. This
pathophysiological condition is associated with the increased
expression of adhesion molecules, the increased synthesis of
proinflammatory and pro-thrombotic factors, increased oxi-
dative stress, and the abnormal modulation of vascular tone,
all of which may lead to functional manifestations, including
impaired endothelium-dependent vasodilatation.® Current
evidence suggests that endothelial dysfunction occurs early in
the process of atherogenesis and contributes to the formation,
progression, and complications of atherosclerotic plaque.
A number of studies have shown that endothelial dysfunction
affects patients with cardiovascular risk factors (but who are
still without any clinical signs of atherosclerosis), as indicated
by their impaired response to endothelial vasodilators, such as
acetylcholine and bradykinin.’!'! In addition to the endothe-
lium’s pathophysiological role, these observations strongly
suggest that endothelial dysfunction is a common mechanistic
link between atherosclerotic risk factors and the development
of atherosclerosis. Furthermore, various studies” have shown
that endothelial dysfunction is an independent predictor of
future cardiovascular events in patients with atherosclerotic
risk factors, stable ischemic heart disease, or acute coronary
syndromes. Therefore, endothelial dysfunction seems to
be a systemic vascular process that not only mediates the
development of atherosclerotic plaque but also modulates
the clinical course of atherosclerosis.

Genistein (GEN), 4’, 5, 7-trihydroxyisoflavone, is an
isoflavonoid compound derived from soy products. GEN could

have a role similar to estrogen because its chemical structure
is similar to estradiol.'>!3 The protective effects of soy
isoflavones in AS include a series of mechanisms, such as
the prevention of low-density lipoprotein (LDL) oxidation,
the improvement of vascular reactivity, the inhibition of
proinflammatory cytokines or cell adhesion proteins, and
the reduction of platelet aggregation.'* Recent studies have
demonstrated that GEN inhibits the hyperpermeability of
cultured vascular endothelial cells (ECs)'® and acts as anti-
inflammatory and antiatherogenic agents in human ECs. '
However, the low absorption of GEN in the intestine and the
rapid metabolic elimination of GEN, due to the hydroxyls at
the C-5, C-7, and C-40 positions (allowing GEN to bind to
glucuronic acid and sulfuric acid), reduce its bioavailability
and bioactivity in vivo!” and restrict its clinical application. To
overcome this problem, more effective GEN analogues were
designed, still using GEN as the leading compound.

We previously synthesized a series of novel GEN
derivatives and demonstrated that 7-difluoromethyl-5,
4’-dimethoxygenistein (DFMG) had the strongest inhibi-
tory effect on hydrogen peroxide-induced impairment in
human umbilical vein endothelial (HUVE-12) cells in vitro.'
Our previous study showed that DFMG could decrease the
release of the cell adhesion molecule and inflammatory fac-
tor by down-regulating the expression of NF-xB and decreas-
ing the adhesion of circulating monocytes to endothelial
cells, a critical step in the early stages of atherosclerosis. "
In the present study, using lovastatin as an active control,
we further investigated the preventive effect of DFMG on
atherosclerosis in vivo in ApoE~~ mice, a mouse model for
atherosclerosis.

Materials and methods

Reagents

DFMG (98% pure) was synthesized in the Pharmacy Depart-
ment of Hunan Normal University (People’s Republic of
China) and identified in the Analysis Center of Hunan
University."* The molecular formula of DFMG is C, H, ,O.F,,
and its molecular weight is 348. It has the characteristics of a
pallide-flavens crystal powder, and the detailed spectroscopic
analysis is as follows: infrared radiation (IR) vmax (cm,
KBr): 1430, 1469, 1512, 1580, 1612, and 1637 (C=0) and
"H nuclear magnetic resonance (NMR) (300 MHz, CDCI3):
3.834 (3H, s), 3.970 (3H, s), 6.54 (1H, d, J = 2.1 Hz), 6.642
(1H,t,J =723 Hz), 6.724 (1H, d, J = 2.1 Hz), 6.940 (1H, d,
J=8.7Hz),7.472 (1H,d,J=8.7Hz),and 7.811 (1H, s). GEN
and dimethyl sulfoxide were purchased from Sigma-Aldrich
(St Louis, MO, USA). Lovastatin (20 mg/tablet) was purchased
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from the Yangtze River Pharmaceutical Group (Guangzhou,
People’s Republic of China).

Animal model and treatment

The Institutional Animal Care and Use Committee of Hunan
Normal University approved this study, and the study con-
formed to the procedures described in the Guide for the
Care and Use of Laboratory Animals of the Hunan Normal
University. Male C57BL/6J ApoE knockout and C57BL/6J
mice (6—8 weeks old), weighing 20-25 g, were purchased
from the Shanghai Slac Laboratory Animal Co, Ltd (Shang-
hai, People’s Republic of China). The animals were housed in
microisolator cages in a room at 20°C * 2°C, with a relative
humidity of 55% + 15%, and a 12/12 hour light/dark cycle.
Care of the animals and all experimental procedures were
conducted in accordance with the institutional guidelines
for animal research. After a 10-day acclimation period and
an overnight fasting, blood samples were taken from the
mice for pre-experiment sampling. Collected blood samples
were centrifuged (1000 g), and the resulting plasma was
stored at —70°C until measurements were performed. Five
C57BL/6]J mice (68 weeks old) were selected as the control
group (wild type group) and were fed a high-fat diet (78.8%
standard diet, 10.0% yolk powder, 10.0% lard, 1.0% choles-
terol, and 0.2% sodium taurocholate) (control group, n=5).
The experimental diet was purchased from the Shanghai Slac
Laboratory Animal Co, Ltd (Shanghai, People’s Republic of
China). Five ApoE”~ mice that were fed a high-fat diet for
16 weeks were selected as the atherosclerosis model group
(model group, n = 5). The animal model of atherosclerosis
was built as previously described by Plump.? This study was
divided into two phases: phase I, the study of prevention, and
phase II, the study of treatment.

For phase I, the study of prophylactic treatment, against
AS 25 ApoE~~mice (6-8 weeks old) were provided prophy-
lactic treatment with different drugs at the beginning of a
16-week, high-fat diet. The drug groups included: 5 mg/gk
GEN (genistein 1 group, n=15), 5 mg/kg lovastatin (lovastatin
1 group, n=15), 2.5 mg/kg DFMG (DFMG L1 group, n=5),
5 mg/kg DFMG (DFMG M1 group, n = 5), and 10 mg/kg
DFMG (DFMG H1 group, n =5).

For phase 1II, the study of treatment, 25 atherosclerosis
model, ApoE”~ mice were treated with different drugs after
they were fed the high fat diet for 16 weeks. The drug groups
included: 5 mg/gk GEN (genistein 2 group, n = 5), 5 mg/
kg lovastatin (lovastatin 2 group, n = 5), 2.5 mg/kg DFMG
(DFMG L2 group, n=5), 5 mg/kg DFMG (DFMG M2 group,
n=75), and 10 mg/kg DFMG (DFMG H2 group, n = 5).

Measurement of serum lipid levels

Blood samples were collected via sinus orbital bleeding of
the mouse model at three points: before feeding of the high-
fat diet, after feeding of the high-fat diet for 16 weeks, and
after treatment for 16 weeks. Plasma was separated and stored
at —70°C until further analysis was needed. Concentrations
of plasma Total cholesterol, triglyceride, high-density lipo-
protein (HDL), and LDL cholesterol were determined using
an automatic analyzer (Roche P800; Roche Diagnostics,
Indianapolis, IN, USA).

Plasma vWF and nitrite measurement

Von Willebrand factor (vWF) is a well-established, in vivo
marker of endothelial cell activation and injury.?! Plasma
vWF was measured by sandwich enzyme-linked immuno-
sorbent assay (ELISA), using paired capture and detecting
anti-vWF. The vWF antibody (Cedarlane Co, Burlington,
ON, Canada) was as previously described.?!

The plasma level of nitrite (stable NO metabolite) was
measured using a colorimetric assay kit (R&D Systems,
Minneapolis, MN, USA) that involved the Griess reaction,
as previously described.?

Aortic lesion development and

quantification in thoracic aortas

Lesion development in ApoE”~ mice was quantified via
stains with the neutral lipid-targeting lysochrome Oil Red O
(ORO; Sigma, Poole, UK), and then the dye retained by the
aorta tissue was solubilized and quantified, as previously
described.?** A 3% solution (w/v) of ORO in 2-propanol was
prepared by heating the reagents to 56°C for 1 hour, and then
the solution was cooled before filtration through a number 1
filter paper (Whatman, Maidstone, UK). A working solution
was prepared by diluting the stock solution 6:4 with deionized
water. Before use, the working solution was passed through a
0.2 uM filter. Each aorta was rinsed in distilled water, quickly
rinsed in 70% 2-propanol, and stained for 30 minutes in the
ORO working solution, then rinsed again for 10 seconds in
70% 2-propanol, and then returned to the distilled water.
Aortas were inspected under the microscope, and any small
pieces of stained adventitial fat that remained attached were
removed carefully without disturbing the plaques. Stained
aortic arches and descending thoracic aortas were gently
blotted and then transferred into 96-well polypropylene plates
(Greiner Bio-One Ltd, Stonehouse, UK) containing 100 uL
chloroform/methanol (2:1 v/v). The plates were placed on
an orbital shaker for 4 minutes, until all the stain was dis-
solved. Aorta samples were then removed, rinsed in phosphate
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buffered saline (PBS), and homogenized in 200 uL of PBS
using a Dounce homogenizer and 1 mm zirconia beads (5.5 g/
cm’, BioSpec Products Inc, Bartlesville, OK, USA). The
homogenate was centrifuged on a bench-top microcentrifuge
at 13,000 rpm for 5 minutes, and protein was measured in the
supernatant using the BCA protein assay (Pierce, Rockford,
IL, USA). ORO was measured using a LQuant plate reader
(Bio-Tek Instruments Inc, Winooski, VT, USA) at 520 nm,
and the quantity (Lmol) of ORO retained and released from
the tissue was calculated using a standard curve of ORO
(3.12-100 uM) in chloroform/methanol 2:1. Results were
expressed as umol ORO/ug protein.

Preparation of aortic rings and tension

recording

Mechanical function studies of isolated thoracic aortas were
carried out. Briefly, the thoracic aorta without adventitial
tissue was removed and cut into rings (4 mm in length).
For isometric tension recording, the rings were mounted in
a thermostatic organ bath. After excision, the descending
thoracic aorta was immediately immersed in chilled Tyrode
solution containing (in mM): NaCl 118.0, CaCl, 2.5, KCI
4.73, MgCl, 1.2, KH,PO, 1.2, NaHCO, 25.0, EDTA 0.026,
D(+)glucose 5.5 (pH 7.4), and adventitial tissue was care-
fully removed. The 4 mm rings were mounted in organ bath
chambers and attached to an isometric tension transducer
(Chengdu Instruments Factory, Chengdu, People’s Republic of
China). The aortic rings were equilibrated at a resting tension
of 2 mN, which was maintained throughout the experiment.
Following equilibration, aortic rings were precontracted with
an o-agonist (R)-(—)-phenylephrine-HCI (10 uM). After a
steady state of contraction had been induced, drugs were
added in increasing concentrations to obtain cumulative
concentration-response curves for acetylcholine (representing
an endothelium-dependent relaxing agent, 1 nM—1 mM) and
glyceryl-trinitrate (as a nitric oxide donor, representing a non-
endothelium-dependent relaxing agent, 100 nM—100 mM).
The drugs were washed out before adding the next substance.
The relaxing effect of acetylcholine was abolished by adding
Ne@-nitro-L-arginine methyl ester (L-NAME, 1 uM). The pres-
ence of functional endothelium was verified by the ability of
acetylcholine (10 M) to induce more than 70% relaxation of
rings precontracted with phenylephrine (1 uM).%% Aortic rings
without any response to acetylcholine (relaxation < 10%) were
excluded from statistical analysis due to presumable damage of
the endothelium. The contractile activity was digitalized with
the BL-420E+ biological and functional experimental system
(Chengdu TME Technology Co., Ltd, Chengdu, People’s

Republic of China). Cumulative concentration-response
curves for acetylcholine (1 nM—100 mM) and glyceryl trini-
trate (100 nM—100 mM) were obtained (as described above),
abolishing the relaxing effect of acetylcholine by adding
L-NAME (1 uM).

Statistical analysis

The data are reported as the mean = SEM. Phosphate buft-
ered saline (PBS). The acetylcholine- or glyceryl trinitrate-
induced maximal relaxation (Emax) in the aortic rings was
calculated as a percentage of the contraction in response to
phenylephrine (10 uM). A statistical software package, SPSS
(version 13, SPSS Inc., IBM, Chicago, IL, USA), was used
to perform the statistical analysis. The data were tested for
normality and homogeneity of variance. ANOVA repeated
measures were used to assess changes within a group, and
one-way ANOVA (followed by Bonferroni’s #-test) within
groups were used to assess the significance of any change
between groups. Non-parametric methods (Wilcoxon rank-
sum test and Kruskal-Wallis test) were used for the compari-
son of aortic lesion quantification within and between groups.
Statistical significance was accepted at P < 0.05.

Results

DFMG decreased the plasma level

of lipids and lipoproteins in ApoE™~ mice
The overproduction of lipoproteins and the impaired plasma
clearance secondary to the down-regulation of LDL recep-
tor expression in the liver are responsible for the hyper-
lipidemia induced by dietary cholesterol in ApoE~~ mice.?’
Table 1 shows the effects of a 16-week, high-fat diet on
cholesterol and LDL levels. Basal values of lipids and lipo-
proteins were similar in all groups. The cholesterol-rich diet
induced a significant increase of total cholesterol, LDL- and
HDL-cholesterol, and triglyceride (TG) in all atherosclerosis
model groups (P < 0.05) through the phase I study. By the
end of phase II, plasma cholesterol, LDL, and HDL were
reduced significantly, but they did not return to baseline
values in all groups (Table 1). The plasma TG level was
reduced significantly, and there was no difference between
pre-experiment and ending values (Table 1). The lipid and
lipoprotein levels in the control group remained statistically
unchanged throughout the study. By the end of phase II, the
animals treated with different dosages of DFMG had similar
levels of cholesterol, LDL, and TG as the DFMG-prevented
groups by the end of phase I (P > 0.05). All of the lipids
and lipoproteins in the DFMG-prevented and DFMG-treated
groups were significantly higher than the control group
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Table | The plasma levels of lipids, lipoproteins, nitrite, and vWF in different groups of the study

Group Phase n HDL (mmol/L) LDL (mmol/L) TG (mmol/lL) CHOL (mmol/L) NO (umol/L) vWEF (1U/dL)
Control 5 245+030 0.78+0.13 0.28 £ 0.06 2.85+0.91 11.68+0.21 0.57 £0.09
Model 5 219%0.07* 6.15 + 0.40% 1.62 £0.12% 19.46 £ |.24* 822+ 0.17* 16.41 £ 0.55%
Lovastatin | 5  235+0.24% 3.61 £0.27+%% 1.38 £0.13*%# 13.93 £ 0.29%# 12.21 +0.67+# 0.60 + 0.05%#
1l 5  237+028%% 4.16 £0.17+#2 1.49 £ 0. 2%#4 16.25 £ 0.46+#* 11.32 £ 0.64%#2 11.60 £ 1.08*#4
Genistein | 5  239+033** 4.10 = 1.62%# 1.34 0.1 1*+# 14.96 + 0.75*# 11.97 £ 0.32*# 0.59 £ 0.05*#
I 5 23610274 4.05 £ 0.81*# 1.52 + 0. | 4%#A 17.62 £ |.34%#2 [1.1] £ 0.25%#4 11.72 £ 0.46%%2
DFMG-L | 5 229+030% 3.77 £ 0.67*% 1.32 £0.33%% 13.50 £ 0.91*# 12.30 £ 0.91%# 0.61 +0.07+#
1l 5 228+0.22%% 3.79 £ 0.43%44 1.39 £ 0.2%#4 16.98 £+ 0.64*#* 11.60 £ 0.88*#~ 11.78 £ 0.25%#»
DFMG-M | 5 247+038* 2.89 £0.23%# 0.98 £ 0.15%# 11.70 £ 0.59*# 12.02 £ 0.23*# 0.59 £ 0.09*#
I 5 237102444 4.25 £ |.18%#A 1.20 + 0.06*#4 14.34 £ |.01%# 11.62 £ 0.32%#4 I11.10 £ 0.67+#~
DFMG-H | 5  231+0.09% 1.34 £ 0.72%% 1.0 £0.36%% 5.77 + 1.18*# 12.97 £ 0.81%# 0.59 +0.08*#
1l 5 243t0.18% 3.40 £ 0.47%44 1T £0.[2%#a 12.78 £ 0.65%#* 12.32 £ 0.76%#4 11.46 £ 0.39%#~

Notes: Significant difference: *P < 0.05 vs control; *P < 0.05 vs model; “P < 0.05, vs phase I.
Abbreviations: CHOL, cholesterol; DFMG, 7-Difluoromethyl-5, 4’-dimethoxygenistein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NO, nitrite;

TG, triglyceride; vVWF, von Willebrand factor.

(P < 0.05) (Table 1). These results showed that DFMG had
some lipid-lowering effects in our study.

DFMG increased the plasma

level of nitrite in ApoE™~ mice

During the phase I study, the plasma level of nitrite signifi-
cantly increased in the DFMG-prevented groups (P < 0.05),
and it was also significantly higher than the level in the
model group (P < 0.05) (Table 1). Compared with the
control group, the plasma nitrite in the model group was sig-
nificantly lower (control, 11.68 + 0.21; Model, 8.22 £ 0.17;
P < 0.05). In the phase I study, the plasma nitrite level in the
lovastatin-prevented group, genistein-prevented group, and
DFMG-prevented group was significantly ameliorated when
compared to the model group, but it was similar to the plasma
nitrite level in the normal group. An entirely similar situation
existed in the phase II study. Although a slight increase in
plasma nitrite was found in DFMG-prevented groups, there
was significant difference in plasma nitrite between DFMG-
prevented and DFMG-treated groups (P < 0.05). At the same
time, there was no significant difference in the plasma nitrite
between DFMG groups with a lower dosage (2.5 mg/kg-d™)
and lovastatin groups with a higher dosage (5 mg/kg-d™)
(P > 0.05) in phase I (Table 1).

DFMG decreased the plasma
level of VWF in ApoE™”~ mice

Contrary to the change in plasma nitrite, the plasma level
of vWF significantly decreased in DFMG-prevented groups
(P < 0.05) during the phase I study, and it was significantly
lower than the plasma vWF in the model group (P < 0.05)
(Table 1). Compared with the control group, the plasma vWF

in the model group was significantly higher (control, 0.57
+ 0.09; Model, 16.41 = 0.55; P < 0.05). In the phase I
study, the plasma vWF in the lovastatin-prevented group,
genistein-prevented group, and DFMG-prevented group was
significantly decreased when compared to the model group,
but it was similar to the plasma vWF in the control group.
An entirely similar situation existed in the phase II study.
Although a slight decrease in plasma vWF was found in the
DFMG-prevented groups, there was significant difference in
plasma vWF between DFMG-prevented and DFMG-treated
groups. At the same time, there was no significant difference in
the plasma vWF between DFMG groups with a lower dosage
(2.5 mg/kg-d™") and lovastatin groups with a slightly higher
dosage (5 mg/kg-d™") (P > 0.05) in phase I (Table 1).

The effect of DFMG on aortic lesion

development and quantification

Figure 2 shows the extent of atherosclerotic lesions on the
thoracic arteries. In the phase I study, the ORO staining of
aortas from the model group of ApoE~~ mice revealed early
atheromatous lesions (fatty streaks) in the aortic arteries.
The staining in aortas from control mice was diffuse, and
there was no evidence of plaque formation. Quantifica-
tion of the ORO stain in the aortic arch of ApoE~~ mice
showed a very significant decrease (Figure 2B) compared
to the atherosclerosis model group, as would be expected
from the visually evident staining within the aorta tissue
(Figure 2A). The atherosclerotic lesions in the model group
averaged 7.70 £ 0.33 umol/pg. Prevention and treatment with
lovastatin, GEN, and different dosages of DFMG decreased
this (P < 0.05). Atherosclerotic lesions between the lovas-
tatin and DFMG groups showed no significant difference.
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The quantification of atherosclerotic lesions in the DFMG-
prevented groups was significantly less than the quantification
in the DFMG-treated groups (P < 0.05).

The effect of DFMG on the EDR

of mice aortas

The model group had a significantly reduced (49% at 10 uM
acetylcholine; P < 0.05) endothelium-dependent relaxation
(EDR) in response to acetylcholine when compared to the
control mice (Figures 3 and 4). The EDR of aortic tissue
in response to acetylcholine was improved in the DFMG-
prevented and DFMG-treated groups of ApoE~~ mice at all
concentrations when compared to the model mice (P < 0.05).
At the same time, the Emax (acetylcholine-induced maximal
relaxation) in the aortic rings from the DFMG-prevented
groups was significantly higher than the Emax from the
DFMG-treated groups. These data confirmed that DFMG
could significantly ameliorate EDR in the rings of mice aortas
and thus prevent endothelium dysfunction.

Discussion

The present study demonstrated that DFMG had some effect
on the hyperlipidemia in ApoE™ mice. Compared with the
model group, the plasma levels of lipids in the DFMG groups
were significantly in both study phases (early prevention
and late treatment) but were still higher than those in the
control group. Thus, DFMG could protect the arteries from
atherosclerosis through the prevention of endothelium dys-
function and the reduction of arterial plaque. DFMG could
also lead to a significant plasma nitrite increase, a fatty streak
decrease, and an EDR elevation, especially as evident in the
early prevention group in the phase I study when compared
to late treatment group in the phase II study.

A new chemical entity, DFMG (Figure 1) was synthesized,
as reported.'® Data suggested that DFMG possesses a protec-
tive effect against vascular endothelium injury caused by
oxidative stress. Our team previously focused on the protective
effects and mechanisms of DFMG as applied to the damaged
endothelium.'®*%2° We had also previously revealed that

Figure | Structure of genistein and DFMG (A) the structure of genistein and
(B) the structure of 7-Difluoromethyl-5, 4’-dimethoxygenistein (DFMG).

DFMG has an antiatherosclerosis effect, decreasing hyper-
lipidemia and possessing antioxidant and plaque stabilization
properties in a rabbit model of atherosclerosis.** Thus, DFMG
may be useful for the prevention of atherosclerosis.

Numerous animal species have been used to study the
pathogenesis and potential treatment of atherosclerotic
lesions. Shore first described ApoE as a lipoprotein con-
stituent of triglyceride-rich very low-density lipoproteins
(VLDLs).3! ApoE is a major component in several classes of
plasma lipoproteins and has been implicated in the mainte-
nance of overall plasma cholesterol homeostasis because of
it facilitating the hepatic uptake of lipoproteins by binding
to their receptors. ApoE also carries out additional func-
tions, including the stimulation of cholesterol efflux from
macrophages, the prevention of platelet aggregation, and the
inhibition of proliferation of T-lymphocytes and endothelial
cells. ApoE~~ mice are severely hypercholesterolemic when
compared to the wild type counterpart, and the increase
in cholesterol is largely distributed in LDLs due to their
impaired clearance.?**>* When compared to the rabbit model,
the ApoE”~ mouse contains the entire spectrum of lesions
observable during atherogenesis, and the ApoE~~ was the first
mouse model to develop lesions similar to those of humans.
Hence, ApoE”~ mice are one of the most relevant models
for atherosclerosis because they are hypercholesterolemic
and develop spontaneous arterial lesions.** Based on these
facts, we selected ApoE~ mice to produce the atherosclerosis
model for the present research.

In this study, we administered to the mice upon their
being given a high-fat diet for 16 weeks. We did this to
examine the preventive effects of DFMG on atherosclerosis
and hyperlipemia in phase I and to examine its therapeutic
effects in phase II. After 16 weeks of administration, serum
total cholesterol and LDL-cholesterol levels in the DFMG
groups of phase I and phase II were significantly reduced
when compared with the levels in the atherosclerotic mouse
model; this effect was similar to that of the lovastatin group
in phase I and phase II (Table 1).

Lovastatin belongs to the statin family and is commonly
used to prevent and treat hyperlipemia and atherosclerosis.®
The atherosclerotic lesions in thoracic aortas of the DFMG-
prevented or DFMG-treated groups were markedly smaller
than those in the model group (Figure 2). The quantification of
atherosclerotic lesions in thoracic aortas in the DFMG-treated
groups was similar to the quantification in the lovastatin-
treated group. Moreover, the quantification of atherosclerotic
lesions in the DFMG-prevented groups was significantly
less than the quantification in the DFMG-treated groups.
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Lovastatin(l)  Genistein(l) DFMG-L()) DFMG-M()) DFMG-H())

Model Lovastatin(ll) ~ Genistein(ll) DFMG-L(Il) DFMG-M(ll) DFMG-H(I)

Phase

H Prevention

10.007 M Treatment

8.00
A A A
6.00- ’_\ ’_\ ’_\
*#
*#
*# *#
4.00 it

2.00+

Mean oil red O (umol/pg protein)

Wild type Model Lovastatin Genistein DFMG-L DFMG-M DFMG-H
Groupset

Figure 2 Aortic lesion development (A) and quantification (B). (A) ORO-stained aortic arches from ApoE~~ mice that were fed a high-fat diet for 16 weeks in different
groups and phases. Lesion staining is intensely focused at the aortic arch and at the branch points of the aorta. Compared with the atherosclerosis model group, the aortic
lesion developed differently in the prevented and treated groups with different drugs. (B) Quantification of ORO staining in the aortic arch of ApoE~~ mice after consuming
a high-fat diet in different groups and phases.

Notes: Data are the mean £ SD; n = 5; *P < 0.05 vs wild type; #P < 0.05 vs model of atherosclerosis.

Abbreviations: DFMG-H(I), DFMG-prevented group (10 mg/kg/d, ig); DFMG-H(Il), DFMG-treated group (10 mg/kg/d, ig); DFMG-L(I), DFMG-prevented group
(2.5 mg/kg/d, ig); DFMG-L(Il), DFMG-treated group (2.5 mg/kg/d, ig); DFMG-M(l), DFMG-prevented group (5 mg/kg/d, ig); DFMG-M(Il), DFMG-treated group (5 mg/kg/d, ig);
Genistein(l), genistein-prevented group (5 mg/kg/d, ig); Genistein(ll), genistein-treated group (5 mg/kg/d, ig); Lovastatin(l), lovastatin-prevented group (5 mg/kg/d, ig);
Lovastatin(ll), lovastatin-treated group (5 mg/kg/d, ig); Model, atherosclerosis model group; ORO, Oil red O; WT, wild type group (C57BL/6) mice).

These data demonstrated that DFMG had obvious preventive ~ Endothelial dysfunction is primarily characterized by
and therapeutic effects on atherosclerosis and hyperlipemia  impaired NO-induced vasodilation.**® Furthermore,
in an atherosclerotic animal model. endothelium-derived NO promotes endothelium-dependent

The endothelium is a major regulator of vascular tone,  vasodilation,*® such as during physical exercise, and it
remodeling, and arterial inflammation and thrombosis; also has important anti-inflammatory and antithrombotic
thus, it is the key to the atherosclerotic disease process. effects, thereby actively suppressing leukocyte adhesion
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Figure 3 Acetylcholine (ACh)-induced endothelium-dependent relaxation (A) and the Emax (B) of thoracic aortic rings in different groups of mice previously contracted
by phenylephrine (PE).

Notes: ACh-induced relaxation (0.00-10 uM) was measured and calculated as a percentage of the contraction in response to PE (I 1M); data are the mean = SD; n = 5;
*P < 0.05 vs normal; P < 0.05 vs control.

Abbreviations: G1, genistein-prevented group (5 mg/kg/d, ig); G2, genistein-treated group (5 mg/kg/d, ig); HI, DFMG-prevented group (10 mg/kg/d, ig); H2, DFMG-treated
group (10 mg/kg/d, ig); Lovastatin|, lovastatin-prevented group (5 mg/kg/d, ig); Lovastatin2, lovastatin-treated group (5 mg/kg/d, ig); L1, DFMG-prevented group (2.5 mg/kg/d, ig);
L2, DFMG-treated group (2.5 mg/kg/d, ig); Model, atherosclerosis model group; M|, DFMG-prevented group (5 mg/kg/d, ig); M2, DFMG-treated group (5 mg/kg/d, ig);

WT, wild type group (C57BL/6) mice).

and arterial thrombosis. Experimental studies could then
confirm that endothelium-derived NO prevents development
of atherosclerotic lesions.**#“? Consequently, endothelium-
derived NO can be considered an important endogenous
antiatherogenic system.

Significantly, endothelial dysfunction represents a com-
mon pathway for all known cardiovascular risk factors for
the development and progression of vascular disease, such as
dyslipidemia, smoking, diabetes, hypertension, obesity, and
mental stress. Most studies have used the assessment of EDR
as an index of “endothelial function.” Endothelial dysfunction
represents an early event in the development of atherosclerosis
and is induced by all known cardiovascular risk factors.*

As lovastatin could prevent the increase of serum vWE,
DFMG could decrease the level of serum vWF in atheroscle-
rosis for the ApoE”~ mouse model. The level of serum nitrite in
our DFMG-prevented group was significantly higher than the
level in our DFMG-treated group. When compared to the model
mice, all of the DFMG-prevented and DFMG-treated groups
of our ApoE~~ mice had improved EDR of the aortic tissue in
response to acetylcholine. At the same time, the Emax in the
aortic rings from the DFMG-prevented groups was significantly
higher than the Emax for DFMG-treated groups. These data
confirmed that DFMG could significantly ameliorate the EDR
in rings of mice aortas and prevent endothelium dysfunction.

GEN has estrogenic activities and can bind to estrogen
receptors (ERs). GEN can also activate inducible nitric
oxide (iNOS) and up-regulate NO production through the
estrogen receptor o. (ERo) pathway in RAW264.7 cells.*

As the structure of DFMG is similar to GEN, we speculate
that the mechanism of DMFG action was primarily mediated
through the ERa pathway.

Conclusion

We have shown that DFMG had some effect on the hyper-
lipidemia in ApoE~~ mice and could protect arteries from
atherosclerosis. DFMG could prevent endothelium dysfunc-
tion in the early stage of atherosclerosis and could improve
the EDR of aortic arteries in ApoE™~. The attenuating NO
production of DFMG may be responsible for mediating this
vascular protective effect. Thus, our research suggests that
DFMG may be useful for the development of prophylactic
and therapeutic treatments for atherosclerosis.
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