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Abstract

Purpose This research was designed to investigate the effects and mechanisms of flavocoxid (FCX) on vascular calcification
(VC) in rats.

Methods Vitamin D5 and nicotine were administered to Wistar rats, which then received FCX (VC-FCX group) or its vehicle
(VC group) for 4 weeks. Control and FCX groups served as controls. Systolic (SBP) and diastolic (DBP) blood pressures, heart
rate (HR), and left ventricular weight (LVW)/BW were measured. Serum concentrations of calcium, phosphate, creatinine, uric
acid, and alkaline phosphatase were determined. Moreover, aortic calcium content and aortic expression of runt-related tran-
scription factor (Runx2), osteopontin (OPN), II-13, x-smooth muscle actin (x-SMA), matrix metalloproteinase-9 (MMP-9),
inducible nitric oxide synthase (iNOS), and tumor necrosis factor-o« (TNF-o) were assessed. Oxidative status in aortic homog-
enates was investigated.

Results Compared to untreated VC rats, FCX treatment prevented body weight loss, reduced aortic calcium deposition, restored
normal values of SBP, DBP, and HR, and attenuated LV hypertrophy. FCX also improved renal function and ameliorated serum
levels of phosphorus, calcium, and ALP in rats with VC. FCX abolished aortic lipid peroxidation in VC rats. Moreover, VC-FCX
rats showed marked reductions in aortic levels of II-13 and osteogenic marker (Runx2) and attenuated aortic expression of
TNF-c, INOS, and MMP-9 proteins compared to untreated VC rats. The expression of the smooth muscle lineage marker -
SMA was greatly enhanced in aortas from VC rats upon FCX treatment.

Conclusion These findings demonstrate FCX ability to attenuate VDN-induced aortic calcinosis in rats, suggesting its potential
for preventing arteiocalcinosis in diabetic patients and those with chronic kidney disease.
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Introduction

Vascular calcification (VC) is a pathogenic status of vessel
wall mineralization. Aging and many disease conditions, in-
cluding diabetes mellitus, atherosclerosis, and chronic kidney
disease (CKD), are associated with VC [1].
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VC may take place in either the intimal or medial
layers of the arterial wall. Intimal calcification occurs
as discrete or diffuse deposits in the intima and is as-
sociated with focal atherosclerotic plaques. It might be a
result of an inflammatory response to subintimal lipid
deposition, macrophage accumulation, and atherogenic
plaque formation. Medial calcification occurs in the ab-
sence of atheroma and is linked to advanced age, hy-
pertension, diabetes mellitus, and CKD. It occurs as
linear sheets of hydroxyapatite calcium crystals in the
center of the medial layer, leading to vascular stiffening
[2-4].

During VC, vascular smooth muscle cells (VSMCs) expe-
rience a phenotypic transition from a contractile to an osteo-
genic phenotype [5—7]. This phenotype shift is accompanied
by a downregulated expression of smooth muscle lineage
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markers such as «-smooth muscle actin (x-SMA) and en-
hanced expression of osteogenic markers such as alkaline
phosphatase (ALP), osteocalcin, osteopontin (OPN), and
runt-related transcription factor (Runx2) [6, 7].

Multiple mechanisms are involved in medial vascular calci-
nosis, including induction of a systemic inflammatory state and
elevations in vascular oxidative stress [8, 9]. Vitamin D3 plus
nicotine (VDN)-induced medial calcification in rats was associ-
ated with increased mRNA expression of tumor necrosis factor-
alpha (TNF-«) and interleukin-1 beta (IL-1f3) [10].
Inflammatory cytokines, oxidative stress, and
hyperphosphatemia are among the main pathological insults that
elicit transdifferentiation of VSMCs into osteoblast-like cells
[11-13]. Moreover, enhanced vascular generation of reactive
oxygen species (ROS) can enhance the overexpression of pro-
inflammatory genes that may contribute to the development and
progression of VC [14].

Additionally, inflammatory cytokines can increase the ex-
pression of inducible nitric oxide synthase (iNOS) and matrix
metalloproteinase (MMP)-1,3 and 9 [15]. iNOS expression
may enhance VC by affecting alkaline phosphatase (ALP)
activity [16]. MMPs degrade elastin, the main constituent of
elastic fibers, initiating medial calcification [17, 18].

The VDN rat model, initially developed by Niederhoffer
et al. [19], is an established model of VC, which mimics the
pathogenesis of vessel calcification in aging, diabetes, and
end-stage renal disease [20]. Hypervitaminosis D3 elicits ex-
cessive calcium deposition in vessel walls [21]. Nicotine en-
hances the release of catecholamines and increases calcium
burden in blood vessels [22].

Flavocoxid (FCX), a proprietary mixture of two flavo-
noids; baicalin and catechin, exhibits inhibitory activity of
both cyclooxygenase and 5-lipoxygenase [23, 24]. FCX of-
fered strong antioxidant potential and diminished production
of inflammatory cytokines and iNOS in cell assays and in vivo
experimental models [24-32].

Additionally, FCX ameliorated high cholesterol diet (HCD)-
induced vascular dysfunction in rabbits via its antioxidant and
anti-inflammatory properties [33]. Many studies showed that the
flavonoid constituents of FCX have beneficial effects on the
vascular system. Baicalin reduced blood pressure and attenuated
aortic contractile responses to vasoconstrictors via modulating
intracellular Ca** regulation in spontaneously hypertensive rats
[34]. Baicalin also diminished vascular inflammation and oxi-
dative stress induced by high glucose treatment of cultured en-
dothelial cells [35]. Catechin normalized blood pressure and
attenuated endothelial dysfunction in prediabetic rats [36].
Moreover, catechin metabolite reduced monocyte adhesion to
IL-1{3-stimulated endothelial cells [37].

Since it was shown that FCX exerted greater effects than its
individual flavonoids [28], it was of great interest to investi-
gate the effects and mechanisms of FCX treatment on VDN-
induced VC in rats.
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Materials and Methods
Materials

FCX (Limbrel, 250 g/capsule) was bought from Pimus
Pharmaceutical Inc. (Scottsdale, AZ, USA), vitamin D3
(Devarol-S ampoules) was purchased from Memphis
Company for Pharmaceutical & Chemical Industry (Cairo,
Egypt). Nicotine was obtained from Merck KGaA company
(Darmstadt, Germany).

Animals

Thirty-two male 8-week-old Wistar rats (180-220 g) were
bought from the Holding Company for Biological Products
and Vaccines (VACSERA, Giza, Egypt) and were left for
acclimatization for one week before use. Rats were kept at
room temperature with a 12 h on/off light cycle. The animal
management guidelines of the Committee of Ethics of
Scientific Research, Faculty of Pharmacy, Mansoura
University, Egypt were applied during the handling of animals
and experimentation.

Vascular Calcification Model and Animal Grouping

Rats were randomly assigned into four groups (n = 8/group),
namely control, FCX, VC, and VC-FCX groups. Control
group received normal saline (2.5 ml/kg/day, orally) for
30 days. FCX group received FCX (20 mg/kg /day, dissolved
in normal saline, orally) for 30 days. VC group received
VDN on day 1 of the experiment [vitamin D; (Devarol-S
ampoules; a single dose of 300.000 IU/Kg, IM) and nicotine
(two doses of 25 mg/kg, at 9 am and 6 pm, orally)], as previ-
ously described [10, 19, 38, 39]. VC-FCX group received
FCX (20 mg/kg /day, orally) from the second day following
VDN administration and continued and for 4 weeks. The cho-
sen dose of FCX is equivalent to the human dose of 250 mg/
day [40, 41]. This dose was previously reported to be effective
in other inflammatory conditions in rats [27, 29, 42].

Experimental Assessments

At the end of the experiment (day 31), rats were weighed, and
systolic (SBP) and diastolic (DBP) blood pressures were mea-
sured from conscious rats by a noninvasive tail-cuff system
(ML125 NIBP, ADinstruments, Australia). Rats were then
anesthetized with secobarbital (50 mg/kg) and an electrocar-
diogram (ECG) was acquired using a single channel device
(Fakuda ME Kogyo Co. Ltd., Model:501-B III, Tokyo,
Japan). The heart rate (HR) was calculated from the ECG
charts.

Immediately afterward, rats were humanely killed. Blood
was collected from the retro-orbital plexus, allowed to stand
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for 30 min, and then centrifuged (1000 g, 15 min) to separate
serum, for determination of levels of creatinine (CRCO-
0600), uric acid (AUML-0427), calcium (CALA-0600), phos-
phorus (PHOS-0600), and ALP activity (PASL-0230) using
commercial kits (ELITech Clinical Systems, France).

Moreover, the heart was removed and weighed to deter-
mine the heart weight/body weight (HW/BW) ratio. The left
ventricle (LV) was dissected free from the heart tissues for
calculation of LV weight (LVW)/BW and LVW/HW ratios.

Furthermore, the thoracic aorta was isolated and sectioned
into ~1-1.5 cm segments for histological and immunohisto-
chemical studies, homogenate preparation (5% (w/v) in
phosphate-buffered saline (PBS)), and determination of calci-
um content.

Aortic tissue homogenates were used for measurement of
malondialdehyde (MDA), reduced glutathione (GSH), and
superoxide dismutase (SOD) activity using kits (MD2529,
GR2511, and SD2521, respectively, Biodiagnostic, Cairo,
Egypt). ELISA kits were used to determine aortic levels of
IL-1 (EO119Ra, Bioassay Technology Laboratory, China),
Runx2, and OPN (CSB-EL020594RA and CSB-E08393r, re-
spectively, Cusabio, China).

Calcium Content of Aorta

Sections of the aorta (~100 mg of descending abdominal aor-
ta) [43] were decalcified for 24 h with 0.6 N HCI. The calcium
content of the HCI supernatant was calorimetrically deter-
mined by the o-cresolphthalein complexone method (Wei
et al., 2013) using a kit (1001062) provided by Spinreact
(Spain).

Histology and Immunohistochemical Staining

Portions of the left ventricle and aorta were fixed in 10%
buffered formalin solution, embedded in paraffin, sliced, and
dewaxed. The heart tissues were stained with hematoxylin and
eosin (H&E), while aortic sections were stained by von Kossa
stain for visualization of calcium as black deposits, as de-
scribed previously [44]. ImageJ software (National Institutes
of Health, USA) was used to analyze acquired aortic images
for the determination of percentage area of black staining (cal-
cium deposition). Microimages were imported to ImageJ soft-
ware and 4-5 fields from each rat aorta were analyzed to
calculate the average percentage of calcified area for each rat
[45].

Immunohistochemical staining was applied to aortic sec-
tions using UltraVision detection system provided by Thermo
Fisher Scientific, UK. Anti-a-SMA (AM128-5 M) and Anti-
MMP-9 (AN816-5 M) were purchased from Biogenx
(BioGenex Laboratories, San Ramon, CA, USA). Anti-
TNF-a (RA0316-C.5) was from Scytek Laboratories
(Logan, UT, USA) and Anti-iNOS (A14031) was purchased

from ABclonal (Woburn, MA, USA). Immunostaining was
quantified as the number of immunopositive cells for stained
proteins per high power field (HPF) using ImageJ Software, as
previously reported [46—48].

Statistical Analyses

Data are presented as means + standard error of the mean
(SEM). GraphPad Prism software (San Diego, CA, USA)
was used to calculate the statistical significance of the results
(two-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test). The threshold of statistical significance
was set at p < 0.05.

Results

General Characteristics and Physiologic Measures of
Rats (Table 1)

VC rats showed a significant reduction in BW compared to
the control group (p < 0.0001). FCX treatment prevented BW
loss in VC rats. However, they still gained less weight than
control rats (p <0.0001 relative to both control and VC
groups).

Moreover, FCX treatment improved hemodynamic and
cardiac function in VC rats. FCX administration to VC rats
abolished rises in SBP and DBP, restoring their values to those
of controls (p > 0.05 vs. control group).

Furthermore, significant increases in HW/BW (by 28.6%,
p<0.05) and LVW/BW (by 95.1%, p <0.001) indices were
observed in the VC group relative to control rats. FCX elicited
a marked decrease in LVW/BW (by 30.5%, p <0.05), com-
pared to the untreated VC group. These data are shown in
Table 1.

ECG signals recorded from VC rats showed marked bra-
dycardia, while VC-FCX rats showed insignificantly different
heart thythm compared to the control group (Fig. 1a).
Microscopic pictures of H&E-stained heart tissues showed
normal histology of cardiac muscles in control and FCX
groups (Fig. 1b). Left ventricular tissues from the VC group
exhibited hypertrophy and disarray of the cardiac myofibers.
Heart sections from VC-FCX rats demonstrated reduced hy-
pertrophy of cardiac myofibers.

Serum Biochemical Parameters (Table 2)

VC rats exhibited significant increases in serum levels of cre-
atinine (by 267.2%), uric acid (by 241.8%), phosphorus (by
21.2%), and ALP (by 694.7%) when compared to control
values (p <0.0001 for all). Moreover, a significant decrease
in serum calcium levels in the VC group was observed com-
pared with levels in control rats (by 26.4%, p < 0.0001).
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Table 1 General characteristics

of rats at the end of the Control FCX vC VC-FCX

experiment " "
BW change (g) 69.50 + 3.73 72.88 +3.65 -20.25 £ 2.78 25.75+2.99™
SBP (mmHg) 84.33 £ 4.68 85.83 £3.03 104.80 + 2.52° 87.33+£2.01%*
DBP (mmHg) 64.17 + 4.01 63.33 +2.42 86.83 + 6.83" 66.33+2.01"
HR (Beats/min) 401.00 = 7.09 389.5 +12.03 284.70 + 20.75" 401.50+10.02*
HW/BW (mg/g) 295+ 0.05 2.86 = 0.05 3.79 = 0.32" 3.31+0.15
LVW/BW (mg/g) 0.63 + 0.07 0.69 + 0.04 1.23 +0.14° 0.85+0.03"

Data are shown as means = SEM, n = 68 rats per group

*#p<0.05 vs. control and VC groups, respectively

BW, body weight; DBP diastolic blood pressure; FCX, flavocoxid; HR, heart rate; HW, heart weight; LVW, left
ventricular weight; SBP, systolic blood pressure; VC, vascular calcification

FCX ameliorated renal function in VC rats, where it
returned serum concentrations of creatinine and urea to values
that are insignificantly different from those of control rats.

Moreover, treatment of VC rats with FCX restored serum
phosphorus levels to near-normal values. Furthermore, VC-
FCX rats exhibited significantly lower serum ALP levels (by
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Fig. 1 Flavocoxid ameliorated VC-associated cardiac changes in hyper-
vitaminosis D3 plus nicotine-administered rats. (a) Representative ECG
recordings for all groups. Heart rates were calculated from ECG traces
according to the following formula [49]: Heart rate = 60/RR interval (sec-
onds), where RR interval is the time between two successive R wave
peaks. An increased RR interval was observed in the ECGs from VC rats
relative to those of control, FCX, and VC-FCX groups, indicating a
marked slowing of heart rate compared with those of the control group.
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FCX administration to the VC group resulted in the restoration of normal
heart rhythm. (b) Representative microscopic pictures of H&E-stained rat
hearts. The black arrow denotes ventricular hypertrophy and the * sign
marks disarray of the cardiac myofibers. The yellow arrow shows de-
creased hypertrophy of cardiac myofibers in the VC-FCX group. ECG,
electrocardiogram; FCX, flavocoxid; H&E, hematoxylin and eosin; VC,
vascular calcification
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Table 2 Flavocoxid improved

renal function and ameliorated Control FCX vC VC-FCX

serum levels of phosphorus, -

calcium, and ALP in Serum creatinine (mg/dL) 0.64 + 0.04 0.71 £ 0.03 2.35+0.13 0.57+0.02%

hypervitaminosis D3 plus Serum uric acid (mg/dL) 0.98 + 0.07 0.94 + 0.05 335+0.15 1.14+0.05%

nicotine-administered rats Serum phosphorus (mg/dL) 683 +0.17  6.60 + 0.22 828 +0.17" 7.10+0.04"
Serum calcium (mg/dL) 11.00 £ 0.17 10.88 £ 0.24 8.10 £ 0.18" 9.80+0.34"*
Serum ALP (U/L) 56.25 £ 5.62 61.13 £4.49 447.00 + 37.28" 183.60+11.64"#

Data are shown as means + SEM, n = § rats per group
*# 1 <0.05 vs. control and VC groups, respectively
ALP, alkaline phosphatase; FCX, flavocoxid; VC, vascular calcification

58.9%, p<0.0001) and significantly higher serum calcium
levels (by 21.0%, p <0.001) compared to the untreated VC
group. These data are presented in Table 2.

Aortic Calcification

von Kossa staining of aortic tissues is shown in Fig. 2a.
Calcified black areas in acquired microimages were

quantified (Fig. 2b). The walls of the aortas from the
control group did not show any calcium deposits. On
the other hand, aortas from the VC group displayed
extensive black staining of calcium deposition (percent-
age calcified area=59.4+6.3%, p<0.0001 relative to
control). Aortas from VC-FCX rats showed reduced cal-
cium deposition, which was displayed as rows of black
stained calcium particles parallel to tunica media
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Fig. 2 Flavocoxid attenuated aortic calcium deposition in
hypervitaminosis D3 plus nicotine-administered rats. (a) Microimages
of von Kossa staining of aortic tissues. Black areas indicate calcium
deposition in the arterial wall (yellow arrowheads). Scale bars, 100 um
(for 100x magnifications) and 50 um (for 400x magnifications) (b)

Analysis of percentage area of aortic calcium accumulation calculated
from acquired images. (¢) Calcium content in aortic tissues assessed by
o-cresolphthalein complexone method. Data are shown as means + SEM,
n =8 rats per group. " p <0.05 vs. control and VC groups, respectively.
FCX, flavocoxid; VC, vascular calcification
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(percentage calcified area=31.8+3.3%, p<0.0001 vs.
control and p<0.001 vs. VC group).

Quantitative determination of aortic calcium load in VC
aortas revealed a significant increase in calcium content com-
pared to control aortas (by 517.7%, p < 0.0001, Fig. 2¢). FCX
administration to VC rats significantly ameliorated aortic cal-
cium content (by 54.1%, p <0.0001 vs. control and untreated
VC groups).

Aortic Oxidative Stress

VC aortas displayed significant reductions in GSH con-
tent (Fig. 3a, by 60.5%) and SOD activity (Fig. 3b, by
56.0%) and a significant increase in MDA levels (Fig.
3c, by 185.2%) relative to control rats. FCX treatment
failed to alter VC-induced decreases in aortic levels of
GSH or SOD, However, it elicited a significant reduc-
tion in aortic MDA content (by 81.9%, p<0.0001 vs.
VC group).

Vascular Inflammatory Markers

The tunica media of aortic walls in VC rats showed moderate
positive immunoreactivity against TNF-o (Fig. 4a). Marked
immunoexpression for iNOS protein was also evident in tuni-
ca media and tunica adventitia of VC aortas (Fig. 4b). In
contrast, control aortic tissues showed negative immunostain-
ing for TNF-o and mild positive immunostaining for iNOS in
tunica adventitia. Aortas from the VC-FCX group displayed
reduced immunoreactivity against TNF-oc and iNOS proteins.
A semi-quantitative analysis of TNF-o and iNOS
immunopositivity in aortic tissues is presented in Fig. 4c and
d, respectively.

Moreover, aortas from VC rats displayed significant in-
creases in aortic IL-1{3 levels (Fig. 4e, by 175.2%), compared
with those of the control group. Treatment with FCX signifi-
cantly diminished aortic IL-1f3 levels (by 39.8%, p <0.0001
vs. VC group).

Markers of Aortic Smooth Muscle Cell
Transdifferentiation

Aortas from the VC group showed significantly higher levels
of Runx2 (Fig. 5a, by 33.1%) compared to those of the control
group. Aortic protein levels of OPN were not significantly
different between control and VC groups (Fig. 5b). FCX treat-
ment significantly lessened Runx2 levels (by 15.5%,
»<0.0001) and significantly increased OPN levels (by
27.3%, p<0.0001) in VC aortas compared to levels in un-
treated rats.

Moreover, immunohistochemical examination revealed
that control aortas showed negative expression of MMP-9
(Fig. 6a) and strong brown immunostaining for the smooth
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Fig. 3 Flavocoxid mitigated aortic lipid peroxidation in hypervitaminosis
D; plus nicotine-administered rats. (a), b) and (c) Aortic tissue levels of
GSH, SOD activity, and the lipid peroxidation product MDA, respective-
ly. Data are shown as means = SEM, 7 = 8 rats per group. " * p < 0.05 vs.
control and VC groups, respectively. FCX, flavocoxid; GSH, reduced
glutathione; MDA, malondialdehyde; SOD, superoxide dismutase; VC,
vascular calcification

muscle lineage marker a-SMA in tunica media (Fig. 6b).
Conversely, aortic tissues from VC rats displayed strong pos-
itive immunoreactivity against MMP-9 in tunica media.
Moreover, aortic x-SMA immunostaining was markedly re-
duced in the VC group.

FCX administration to VC rats substantially diminished
aortic MMP-9 immunoexpression and greatly restored oc-
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Fig.4 Flavocoxid lessened aortic expression of TNF- and iNOS and
decreased aortic levels of IL-1f3 in hypervitaminosis D plus nicotine-
administered rats. (a) and (b) and (b) plus nicotine-administered rats. (a)
and (b) Immunohistochemical aortic expression of TNF-« and iNOS,
respectively. Red arrows indicate positive immunoreactivity for stained
proteins. Scale bars, 100 wm (for 100x magnifications) and 50 um (for

SMA expression in tunica media of aortic walls. A semi-
quantitative analysis of MMP-9 and x-SMA
immunopositivity in aortic tissues is presented in Fig. 6¢ and
d, respectively.

Aortic IL-18
(ng/g tissue)

400x magnifications). (¢) and (d) Semi-quantitative analysis of aortic
TNF-«- and iNOS-immunopositive cells, respectively. (e) Aortic IL-13
levels. Data are shown as means + SEM, » = 8 rats per group. " * p < 0.05
vs. control and VC groups, respectively. FCX, flavocoxid; HPF, high
power field; iNOS, inducible nitric oxide synthase; IL-1{3, interleukin-
1$3; TNF-«, tumor necrosis factor-c; VC, vascular calcification

Discussion

VC frequently occurs in diabetic patients and those with
chronic kidney disease and may predispose patients to serious
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Fig. 5 Flavocoxid diminished smooth muscle cell phenotypic transition
in aortas from hypervitaminosis D5 plus nicotine-administered rats. (a)
and (b) Aortic levels of the osteogenic markers Runx2 and OPN, respec-
tively. Data are shown as means + SEM, 7 = 8 rats per group.  # p < 0.05

cardiovascular events [50, 51]. The VDN rat model is reported
to exhibit numerous resemblances with VC occurring in dia-
betes, end-stage renal disease, and human arteriosclerosis [19,
20]. In the present research, FCX administration attenuated
calcium deposition in aortic walls, prevented BW loss, im-
proved hemodynamic function, restored normal cardiac
rhythm, and ameliorated LV hypertrophy in hypervitaminosis
D; plus nicotine-administered rats.

Aortic calcification in VC rats was confirmed via von
Kossa staining and analysis of calcified areas in microimages
of von Kossa-stained aortic sections. Moreover, VC aortas
showed significantly higher calcium content, by 517.7%, than
control levels. These results are in line with previous studies
[52, 53]. Rats of the VC group also showed significantly lower
BW than control rats, as reported previously [10, 52]. BW loss
in VC rats is potentially attributed to hypervitaminosis D5 [54,
55]. FCX treatment significantly reduced aortic calcium depo-
sition and inhibited loss of weight in VC rats.

Moreover, VC rats showed significant elevations in SBP
and DBP, marked bradycardia, and significant increases in
HW/BW and LVW/BW ratios compared to control measure-
ments. VC-induced systolic hypertension is mainly related to
arterial wall stiffness brought about by increased calcium bur-
den in vessel walls [56-58]. Cardiac alterations observed in
the VC group could be caused by ventricular hypertrophy due
to a prolonged increase in aortic stiffness [59—61]. FCX ad-
ministration prevented rises in blood pressures, inhibited bra-
dycardia, and reduced LV hypertrophy in VC rats, potentially
via attenuating calcium deposition in aortic walls and thus
impairing cardiac compensatory reflexes.

Renal function was potentially impaired in VC rats since
their serum levels of creatinine and uric acid were significantly
elevated compared to those of control rats. A possible expla-
nation is that VDN elicited renal tissue calcification, promot-
ing structural and functional damage in kidneys, as reported
previously [62]. Moreover, VC rats demonstrated marked
hyperphosphatemia and hypocalcemia compared to control
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vs. control and VC groups, respectively. FCX, flavocoxid; OPN, osteo-
pontin; Runx2, runt-related transcription factor 2; VC, vascular
calcification

rats. These serum ion level changes are potentially related to
vitamin D3 intoxication [63] and VDN-induced kidney dam-
age [64]. Moreover, VC rats exhibited significantly higher
serum ALP levels than control values, as reported previously
[65].

FCX treatment improved kidney function and mitigated
VDN-induced changes in serum levels of phosphorus, calci-
um, and ALP in the VC group. FCX previously attenuated the
nephrotoxic effect of gentamicin in rats [29]. The ability of
FCX to prevent hyperphosphatemia and reduce serum ALP
activity in VC rats may play part in its capacity to alleviate
aortic calcification. VSMCs cultured in hyperphosphatemic
media underwent an osteogenic phenotype shift [66] and rats
chronically fed a high phosphate diet suffered from aortic
calcification [67]. Moreover, ALP triggers vessel calcification
by reducing levels of inorganic pyrophosphate, an established
inhibitor of VC [68].

Oxidative stress is a central contributor to VC pathogene-
sis. In this work, aortas from VC rats showed a significant
increase in MDA levels and significant reductions in SOD
activity and GSH levels compared to control rats. FCX treat-
ment significantly decreased aortic levels of MDA in VC rats,
while it failed to improve aortic levels of GSH and SOD ac-
tivity. This paradox could be explained on the basis that lipid
peroxidation is one of the pathways of arachidonic acid me-
tabolism, which are suppressed by FCX [25]. Nevertheless,
the antioxidant potential of FCX potentially contributed to its
ability to attenuate aortic calcification in VC rats. It was
shown that high levels of ROS induced osteogenic
transdifferentiation and calcification of VSMC [12, 69, 70],
possibly via enhancing the expression of the osteogenic tran-
scription factor Runx2 [12]. Supporting this notion, high ROS
levels were located with Runx2 in calcified human aortic
valves, whereas the expression and activity of cellular antiox-
idants, including SOD and catalase, were diminished [71].
Oxidative damage may also elevate the expression of pro-
inflammatory proteins [72].
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Fig.6 Flavocoxid attenuated expression of MMP-9 and restored «-SMA
expression in aortas of hypervitaminosis D3 plus nicotine-administered
rats. (a) and (b) Immunohistochemical aortic expression of MMP-9 and
the smooth muscle lineage marker x-SMA, respectively. Scale bars,
100 um (for 100x magnifications) and 50 um (for 400% magnifications).
Red arrows indicate positive immunoreactivity for stained proteins. (c)

Significant increases in the aortic expression of IL-
13, TNF-«, and iNOS were evident in the VC group
relative to control aortas. FCX reduced the aortic ex-
pression of IL-1f, TNF-x, and iNOS in VC rats com-
pared to untreated ones, suggesting an anti-inflammatory

o-SMA immunopositive

100

cells per HPF

and (d) Semi-quantitative analysis of aortic MMP-9- and x-SMA-
immunopositive cells, respectively. Data are shown as means = SEM,
n =8 rats per group. ¥ p <0.05 vs. control and VC groups, respectively.
«-SMA, smooth muscle actin; FCX, flavocoxid; HPF, high power field;
MPP-9, matrix metalloproteinase-9; VC, vascular calcification

effect of FCX. Previously, intragastric administration of
catechin, one of the two components of FCX, inhibited
the production of IL-13 and TNF-« in rats with adju-
vant arthritis (Tang et al., 2007). Moreover, FCX ad-
ministration reduced renal iNOS and MMP-9 expression

@ Springer



1056

Cardiovasc Drugs Ther (2022) 36:1047-1059

in mice with cadmium-induced nephrotoxicity (Micali
et al., 2018).

Reducing aortic inflammation by FCX may mediate its
attenuative effect against VDN-induced calcification. TNF-
was shown to induce in vitro vascular calcification via en-
hancing osteoblastic differentiation of vascular cells [73].
Moreover, aortic calcification in VDN-treated rats was sub-
stantially associated with macrophage infiltration and elevated
expression of IL-13 and TNF-« (Gaillard et al., 2005).
Furthermore, iNOS expression was upregulated in the aortas
ofrats with VC [16]. These inflammatory mediators were also
reported to promote calcification in VSMC cultures [74]. It
was previously reported that agents that reduced the expres-
sion of IL-13 [75], TNF-« [76], or iNOS [16] attenuated
in vivo vessel calcification.

Furthermore, aortas from VC-FCX exhibited significantly
diminished expression of Runx2 and MMP-9 and enhanced
expression OPN and «-SMA compared to the untreated VC
group. These effects potentially contributed to the beneficial
influences of FCX on VC aortas.

VDN-induced aortic calcification was attributed to elevat-
ed expression of the bone-related gene Runx2 in the medial
aortic area [77]. Overexpression of Runx2 was essential for
high phosphate- and ROS-induced osteogenic differentiation
of VSMCs [12, 78]. Suppression of Runx2 expression in
VSMCs prevented ROS-mediated calcification [12].
Moreover, MMP-9 induces a procalcific environment via
degrading elastic fibers in aortic walls and catabolizing other
matrix proteins, thus facilitating the calcification process [17,
18, 79]. Blunting MMP-9 expression reduced VC [79, 80].
Reportedly, OPN inhibits vascular calcium deposition via
binding to ionic calcium and hydroxyapatite [8§1-83]. Drugs
that induced OPN expression attenuated cardiovascular calci-
fication [52, 84]. Moreover, transdifferentiation of VSMCs
into osteoblast-like cells is associated with loss of the
smooth-muscle lineage marker x-SMA [85, 86].

A limitation of the present study is that the exact molecular
mechanisms underlying how FCX reduced vascular Runx2
expression were not investigated. These mechanisms need to
be explored in future research.

In conclusion, FCX mitigated aortic calcification and
its cardiovascular consequences in VDN-treated rats via
multiple mechanisms, including reducing
hyperphosphatemia, oxidative stress and inflammation,
diminishing aortic smooth muscle cell phenotypic tran-
sition (indicated by blunted expression of osteogenic
switch gene Runx2), and increasing aortic expression
of the mineralization inhibitor OPN and the smooth
muscle contractile protein x-SMA.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10557-021-07227-6.
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