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Abstract: This study tested the hypothesis that uremic-toxic substances play a crucial role in enhancing left-common
carotid artery (LCCA) stenosis after balloon-denudation of LCCA endothelium (BDLCCAE), and that the adventitial
layer plays a complementary role in worsening LCCA stenosis. In vitro results showed the protein expressions of
inflammation (IL-1B/TNF-0/IL-6), apoptosis (mitochondrial-Bax/cleaved-caspase-3/cleaved-PARP) and autophagy
(beclin/Atg5/LC3B-Il to LC3B-I ratio) as well as protein (NOX-1/NOX-2/p22phox/oxidized-protein), total cellular
(H2DCFDA) and mitochondrial (Mitosox) levels of oxidative stress were significantly increased in p-Cresol-treated
umbilical vein endothelial cells (HUVECs) as compared with control, whereas angiogenesis capacity (i.e., Matrigel-
assay for HUVECs) exhibited an opposite pattern to inflammation between the two groups (all P < 0.001). Animals
(n = 60) were categorized into group 1 (sham-operated control), group 2 (BDLCCAE), group 3 [BDLCCAE + ESRD
patient’s serum (1 cc/injection into deprived CA adventitia)], group 4 [BDLCCAE + ESRD patient’s serum (1 cc/injec-
tion from peri-adventitia)], and group 5 [BDLCCAE + ESRD patient’s serum (2 cc/by intravenous injection at days
1/3/7/10/14 after BDLCCADE)] and LCCA was harvested by day-21 after BDLCCAE procedure. Nitric-oxide release
from LCCA and the LCCA cross-section area significantly and progressively reduced, whereas intimal and medial
layers of LCCA significantly and progressively increased from groups 1 to 5 (all P < 0.001). The cellular expressions
of inflammation (CD14+) and DNA-damage biomarker (y-H2AX+) were significantly and progressively increased,
whereas endothelial surface markers (CXCR4/vWF+) were significantly and progressively reduced from groups 1
to 5 (all P < 0.0001). Uremic toxins played an essential role in LCCA remodeling and obstruction. LCCA adventitia
facilitated the initiation and propagation of LCCA proliferative obstruction.

Keywords: Denudation of carotid artery endothelium, adventitia, uremic toxic substances, stenosis, inflammation,
oxidative stress

Introduction gates into atheromatous plaque formation and
ultimately develops into plaque rupture and
Atherosclerosis, caused by the initiation and arterial obstructive syndrome (AOS) [1-8].

propagation of endothelial dysfunction, propa- Hypertension, hypercholesterolemia, smoking,
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diabetes mellitus and uremic toxic substances
are risk factors for endothelial dysfunction and
atherosclerosis [9-13]. Of these, accumulat-
ed uremic toxic substances from end stage
renal disease (ESRD) is an important risk factor
for endothelial dysfunction, plaque formation
and AOS [12, 13] with the poorest response to
medication and coronary artery interventions
(including catheter-based interventions and
coronary artery bypass surgery) [13-21], result-
ing in poor long-term prognosis and unaccept-
ably high morbidity and mortality [19-22].

Circulatory endothelial progenitor cells (EPCs)
play a crucial role in reendothelialization and
vascular endothelial repair from damage or
endothelial senescence [23-25]. The number
and function of EPCs are depleted in chronic
kidney disease (CKD) and end-stage renal dis-
ease (ESRD) patients [26-28], highlighting how
AOS commonly occurs and why obstructed ves-
sels are difficult to treat in these patients [18-
22]. However, these data are mainly from clini-
cal observational studies [12-28] that lack
mechanistic investigations into how uremic
toxic substances cause and compound AOS.

Basic research studies have revealed that resi-
dent stem/progenitor cells are present in
adventitia and participate in vascular wall
repair and formation of neointimal lesions in
severely damaged vessels [29, 30], resulting in
arteriosclerosis [31-33]. However, whether the
adventitial layer of the carotid artery also par-
ticipates in the stenosis of endothelium denud-
ed left common carotid artery (LCCA), particu-
larly when under uremic toxic stimulation,
remains unknown.

The aforementioned issues [12, 13, 29-33]
encouraged us to utilize an animal model of
balloon denuded LCCA endothelium (BDLCCAE)
to investigate the mechanisms of how uremic
toxic substances may be involved in the elicita-
tion and propagation of endothelial dysfunc-
tion, intimal and medial layer hyperplasia and
LCCA stenosis as well as the potential for a
complementary role of the adventitial layer on
LCCA obstruction.

Materials and methods
Ethics

All animal procedures were approved by the
Institute of Animal Care and Use Committee
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(Affidavit of Approval of Animal Use Protocol No.
2017050902. Animals were housed in our hos-
pital with controlled temperature and light
cycles (24°C and 12/12 light cycle).

Animal model of left common carotid artery
injury by angioplasty balloon and animal
groupings

The procedure and protocol were as previously
described [34]. Adult male Sprague-Dawley
(SD) rats (n = 60) (Charles River Technology,
BioLASCO, Taiwan) were utilized in the current
study. All animals were anesthetized by inhala-
tion of 2.0% isoflurane for isolation of the left
external and common carotid arteries in the
neck.

A small opening was created over the proximal
left external carotid artery with a scalpel after
adequate exposure in sterile conditions. A coro-
nary angioplasty wire was passed through the
small opening and advanced into the LCA and
distal to the aorta. An angioplasty balloon along
the wire was then pushed forward and inflated
with 12 atmospheric pressure followed by dila-
tation within the arteries. In sham-operated
control (SC) animals, only skin and muscle lay-
ers were opened followed by closing these two
layers.

Animals were categorized into group 1 (SC),
group 2 (BDLCCAE), group 3 [BDLCCAE + ESRD
on regulatory hemodialysis patient’'s serum
[i.e., mixed together serum from three patients
(1 cc/injection into deprived CA adventitia, i.e.,
the adventitial layer of LCCA was carefully
removed)], group 4 [BDLCCAE + ESRD patient’s
serum (1 cc/injection from peri-adventitial
layer)], and group 5 [BDLCCAE + ESRD patient’s
serum (2 cc/by intravenous injection at days 1,
3, 7,10 and 14 after BDLCCADE)] and the LCCA
was harvested by day-21 after BDLCCAE
procedure.

Cell culturing for assessing the impact of p-
Cresol on upregulating oxidative stress, inflam-
mation and cell apoptosis, and downregulated
angiogenesis in human umbilical vein endo-
thelial cells

The methodology has been mentioned in detail
our previous study [35]. Human umbilical vein
endothelial cells (HUVECs) were purchased
from the BCRC (Taiwan) and the culture medi-
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um was bought from ScienCell. In our in vitro
investigation, the groups were categorized into
group A: p-Cresol (50 pM) (i.e., uremic toxic
substance stimulation) + HUVECs; and group B
being the control group (i.e., HUVECs with cul-
ture medium only). The cells were continuously
cultured in M199 culture medium for six hours
before being collected for individual analysis.
The dosage of p-Cresol was based on our previ-
ous report [36].

Measurement of LCCA contractility, vasorelax-
ation and nitric oxide (NO) release

At the end of study, LCCA was isolated, cleaned,
and cut into slices of 2 mm in length for evalu-
ating contractile and relaxant responses as
previously reported [35]. The carotid rings were
carefully mounted on an isometric force trans-
ducer with a tension of 1.8 g and placed in an
organ chamber filled with Krebs solution main-
tained at pH 7.4 and bubbled with 95% O, and
5% CO,. After an equilibration of 40 minutes, 1
UM of phenylephrine (PE) was added to the
organ chamber for the assessment of contrac-
tile activity, and then 30 uM of acetylcholine
(ACh) was added to assess endothelial integri-
ty. All data were acquired and analyzed using
the DMT system.

Carotid arterial-based nitric oxide release was
estimated as % difference between PE-induced
vasocontraction response in the presence and
absence of L-NAME that has been reported in
our previous study [35]. Additionally, the Griess
Reagent System (Promega, G2930) was uti-
lized for measuring the production of NO from
LCCA.

Assessment of rodent carotid arterial angioge-
netic ability

The methodology has been reported in our
previous study [35]. Briefly, the animal carotid
arterial angiogenetic capacity was evaluated in
twenty-four well-culture plates that were mo-
saiced with one hundred and fifty microliter of 1
mg/mL type-l collagen (BD Biosciences) and
permitted to gel for sixty min. at 37°C and five
% CO,. Photographs were performed on 1° day
and the twelfth day with 12.5 x magnification.
The number and length of sprouting microvas-
culature (i.e., angiogenesis) were analyzed by
ULYMPUS DP72 software. Experiments were
carried two times.
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Matrigel analysis for human umbilical vein en-
dothelial cell angiogenetic capacity

The procedure and protocol have been de-
scribed by our previous report [37]. After 6-ho-
urs incubation, images of the network generat-
ed from tube formation were retrieved using an
inverted phase-contrast microscope (Olympus
IX51) and quantified by WimTube.

H.E. stain for morphometric analysis of LCA

The procedure and protocol have been des-
cribed in our previous studies [35]. At day twen-
ty-one after the endothelial cell damage, the
LCA in every rodent was obtained; the cross-
sections of denudated LCA were stained with
H.E and were morphometrically calculated by a
computer-analysis system. For each rat, the
section of damaged vessel was analyzed. The
areas of lumen, the internal elastic lamina (IEL),
neointima of IEL, and medial layer (i.e., external
EL) were analyzed. The intimal region was
defined as the luminal surface and IEL.

To assess ROS generation in the total cells and
mitochondrial compartment

Carboxy-H,DCFDA (Invitrogen) was used to
examine intra-cellular ROS production. Car-
boxy-H,DCFDA dye was diluted in Phosphate-
Buffered Saline at a concentration of ten mM
and the plates hold in a 37°C, five % CO, incu-
bator for thirty min. After incubation, the dye
solution was eliminated, and the cells washed
with Phosphate-Buffered Saline and further-
more cultured for thirty min in fully defined cul-
tured-medium. For analyses of mitochondrial
ROS in cells, the MitoSOX™ Red dye was direct-
ly replenished at a concentration of ten nM for
a more thirty min incubation. Fluorescence
intensity was assessed by Beckman Coulter
Cytomics FC 500 Flow Cytometer.

Western blot analysis

The procedure and protocol for Western blot
analysis have been described in our previous
studies [17, 18, 22, 23]. Equal amounts (50
pg) of protein extracts were separated by
SDS-PAGE and the separated proteins trans-
ferred onto a polyvinylidene difluoride (PVDF)
membrane (Amersham Biosciences, Amer-
sham, UK). Nonspecific sites were blocked by
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incubation of the membrane in blocking buffer
[5% nonfat dry milk in T-TBS (TBS containing
0.05% Tween 20)] at room temperature for 1
hour. Then the membranes were incubated
with the indicated primary antibodies for 1 hour
at room temperature. After washing, immunore-
active membranes were visualized by enhanced
chemiluminescence and exposed to Biomax L
film.

Immunofluorescent (IF) staining

The procedure and protocol of IF staining were
based on our previous reports [17, 18, 22, 23].
In detail, for IF staining, rehydrated paraffin
sections were first treated with 3% H,0, for 10
minutes and incubated with Immuno-Block
reagent (BioSB, Santa Barbara, CA, USA) for 30
minutes at room temperature. Sections were
then incubated with primary antibodies, while
sections incubated with the use of irrelevant
antibodies served as controls. Three sections
of brain specimen from each rat were analyzed.
For quantification, three randomly selected
HPFs (200 x or 400 x for IHC and IF studies)
were analyzed in each section. The mean num-
ber of positive-stained cells per HPF for each
animal was then determined by summation of
all numbers divided by 9.

Statistical analysis

The data were shown as means + SD. Sta-
tistical analysis was carried using analysis of
variance, then by Bonferroni multiple compari-
son. SAS statistical software for Windows ver-
sion 8.2 (SAS institute, Cary, NC, USA) was
used. A p value < 0.05 was viewed statistically
significant.

Results

p-Cresol enhanced the protein expressions of
oxidative stress and inflammation in HUVECs
(Figure 1)

To elucidate whether p-Cresol would upregu-
late the expression of oxidative stress biomark-
ers in HUVECs, Western blotting was per-
formed. The results showed that the protein
expression of NOX-1, NOX-2, oxidized protein
and p22phox (Figure 1A-D), four indicators of
oxidative stress, were significantly increased in
p-Cresol treated HUVECs (group A) than in con-
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trol group (i.e., HUVECs without treatment)
(group B).

Next, by using the same tool, we tested wheth-
er the inflammatory biomarkers in HUVECs
would be upregulated by p-Cresol treatment. As
expected, the protein expressions of IL-1j,
TNF-a and IL-6 (Figure 1E-G), three indicators
of inflammation, were significantly increased in
group A than group B. These findings implicated
that uremic toxic substance (i.e., p-Cresol)
would enhance the generation of oxidative
stress and inflammatory reaction in endothelial
cells (i.e., HUVECs).

p-Cresol enhanced the protein expressions of
apoptosis and autophagy in HUVECs (Figure 2)

Further, we performed Western blotting to
assess the protein levels of apoptotic and
autophagic biomarkers in HUVECs undergo-
ing p-Cresol treatment. As per our hypoth-
esis, the protein expression of mitochondrial
Bax, cleaved caspase 3 and cleaved PARP
(Figure 2A-C), three indicators of apopto-
sis were significantly upregulated in group
A than in group B. Consistently, the pro-
tein expressions of beclin, Atgb and ratio of
protein LC3B-II to protein LC3B-I (Figure 2D-
F), three indices of autophagic biomarkers,
displayed a similar pattern to apoptosis
between the two groups, highlighting that
p-Cresol treatment augmented HUVEC damage
and death.

p-Cresol enhanced oxidative stress in whole
cells and mitochondria, and DNA damage in
HUVECs (Figure 3)

To assess oxidative stress at the cellular level
when undergoing p-Cresol treatment, flow cyto-
metric analysis was performed. The result
showed the fluorescent intensity of Mitosox in
HUVECSs, an indicator of mitochondrial level of
oxidative stress, was significantly increased in
group A than in group B (Figure 3A, 3B).
Additionally, fluorescent intensity of H2DCFDA
in HUVECs, an indicator of intracellular oxida-
tive stress, exhibited an identical pattern to
Mitosox between the two groups (Figure 3C,
3D).

Further, the IF microscopic finding of TUNEL
assay demonstrated that the number of apop-
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Figure 1. p-Cresol treatment augmented the protein expressions of oxidative stress and inflammation in HUVECs. A.
Protein expression of NOX-1, * vs. 1, P < 0.01. B. Protein expression of NOX-2, * vs. 1, p < 0.01. C. Protein expression
of p22phox, * vs. T, P < 0.01. D. Oxidized protein expression, * vs. 1, P < 0.01. (Note: left and right lanes shown on
the upper panel represent protein molecular weight marker and control oxidized molecular protein standard, respec-
tively). M.W = molecular weight; DNP = 1-3 dinitrophenylhydrazone. E. Protein expressions of interleukin (IL)-1B, *
vs. T, P < 0.001. F. Protein expression of tumor necrosis factor (TNF)-a, * vs. 1, P < 0.01. G. Protein expression of
IL-6, * vs. T, P < 0.01. NC = normal control; p-Cre = p-Cresol; HUVECs = human umbilical vein endothelial cells. n =
4 in each group.

totic nuclei in HUVECs displayed a similar gested that p-Cresol treatment promoted oxi-
pattern of oxidative stress between group A dative stress and apoptosis in the endothelial
and group B (Figure 3E, 3F). Our findings sug- cells.
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Figure 2. p-Cresol enhanced the protein expressions of apoptosis and autophagy in HUVECs. A. Protein expression
of mitochondrial (mito)-Bax, * vs. 1, P < 0.01. B. Protein expression of cleaved caspase 3 (c-Csp3), * vs. T, P <
0.001. C. Protein expression of cleaved Poly (ADP-ribose) polymerase (c-PARP), * vs. 1, P < 0.001. D. Protein expres-
sions of beclin, * vs. T, P < 0.001. E. Protein expression of Atgb, * vs. 1, P < 0.001. F. Ratio of protein LC3B-Il to
protein LC3B-I, * vs. 1, P < 0.001. NC = normal control; p-Cre = p-Cresol; HUVECs = human umbilical vein endothelial

cells. n =4 in each group.

p-Cresol suppressed angiogenesis (Figure 4)

To test whether p-Cresol treatment would inhib-
it angiogenesis, Matrigel assay was done to de-
termine the ability of HUVEC to perform angio-
genesis. The result showed the capacity of
angiogenesis was significantly lower in p-Cresol
treated HUVECs than in control group HUVECs
(Figure 4A-F).

For further assessment of angiogenesis, we
utilized rat carotid ring undergoing culture and
this ex vivo study was categorized into five
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groups as: group 1 (SC), group 2 [balloon in-
jured (i.e., denuded endothelial cells) caro-
tid artery (BICA)], group 3 [BICA + ESRD serum
(1 cc/injection from deprivation of adven-
titia layer of CA)], group 4 [BICA + ESRD se-
rum (1 cc/injection from peri-adventitia layer
of CA for one time)], and group 5 [BICA +
ESRD serum (2 cc/by intravenous injection
at days 1, 3, 7, 10 and 14 after)], respective-
ly. The result showed that the angiogenesis
capacity of carotid ring was significantly pro-
gressively reduced from groups 1 to 5 (Figure
4G, 4H).

Am J Transl Res 2020;12(11):7144-7159
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Figure 3. p-Cresol enhanced oxidative stress in whole cells and mitochondria and DNA damage in HUVECs. A. II-
lustrating flow cytometric analysis for mitochondrial level of oxidative stress with HUVECs stained by MitoSOX. B.
Analytical result of fluorescent intensity of MitoSOX in HUVEC mitochondria, * vs. T, P < 0.001. C. lllustrating flow
cytometric analysis for identification of intracellular oxidative stress with HUVECs stained by H2DCFDA. D. Analytical
result of fluorescent intensity of H2DCFDA in HUVECs, * vs. T, P < 0.001. E. lllustrating microscopic finding (400 x)
of TUNEL assay for identification of apoptotic nuclei of HUVECs (green color). Scale bars in the right lower corner
represent 20 um. F. Analytical result of number of apoptotic nuclei, * vs. 1, P < 0.001. NC = normal control; p-Cre =
p-Cresol; HUVECs = human umbilical vein endothelial cells; MFI = mean fluorescent intensity. n = 5 in each group.

Carotid artery relaxation and NO release
(Figure 5)

By using the Griess Reagent System, we ob-
served that the NO expression of denuded
LCCA significantly and progressively reduced
from groups 1 to 5 (Figure 5D). Baseline NO
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release from endothelial cells of denuded LC-
CA also exhibited an identical pattern as detect-
ed by Griess Reagent System among the five
groups (Figure 5A).

Furthermore, to elucidate the impact of uremic
toxic substances on regulating vessel relax-

Am J Transl Res 2020;12(11):7144-7159



Uremic substances are essential for enhancing artery stenosis

C
807
2 x_
:50‘
L
"o-.w- +
O 201
zn
D g E § F§
D 1500 b=¥ % 60
57 <2 =2
@ 1000 °5° u5°40- NC
=] o w4 G-
'aso Z5 Z X
= $2 © + p-Cre
5 32, 2, —
oo G ° @ °
c
G

1000000+
800000+

4000004

Mean sprout area (px)
»N (=2
=4 =4
=4 S
b T

T

400+

Mean sprout-front £
distance (px)

) cs

Figure 4. p-Cresol suppressed angiogenesis of HUVECs and carotid ring. A, B. lllustrating the in vitro study of Matri-
gel assay for assessment of angiogenesis (n = 6). C. Number of tubules, * vs. 1, P < 0.00001. D. Tubular length,
*vs. T, P < 0.0001. E. Number of cluster formation, * vs. 1, P < 0.0001. F. Number of network formation, * vs. t,
P < 0.0001. (Group 1 to Group 5) lllustrating the exo vivo study of carotid-ring angiogenesis (n = 4). G. Analytical
result of mean sprout area, * vs. other groups with different symbols (1, 1, §, ), P < 0.0001. H. Analytical result of

7151 Am J Transl Res 2020;12(11):7144-7159



Uremic substances are essential for enhancing artery stenosis

mean sprout-front distance, * vs. other groups with different symbols (1, £, §, ), P < 0.0001. Group 1 = SC; Group
2 = balloon denuded left common carotid artery endothelium (BDLCCAE); Group 3 = BDLCCAE + end stage renal
disease (ESRD) patient’s serum (i.e., mixed serum from 3 patients) [(1 cc/injection from deprivation of adventitia
layer of left common carotid artery (LCCA) for one time]; Group 4 [BDLCCAE + ESRD patient’s serum (1 cc/injection
from peri-adventitia layer of LCCA for one time)]; Group 5 [BDLCCAE + ESRD patient’s serum (2 cc/by intravenous
injection at days 1, 3, 7, 10 and 14 after BDLCCAE procedure)]. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 4 or 6 for each group). Symbols (*, 1, 1, §, 1)
indicate significance (at 0.05 level).
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Figure 5. Exo vivo study of carotid vasorelaxation and nitric oxide (NO) release by day 21 after balloon denuded
LCCA. A. Schematic illustration of NO release from denuded endothelial cells of LCCA was significantly progressively
decreased from groups 1 to 5. Additionally, NO-release was especially impaired in groups 4 and 5 than in group 1.
Analytical result of NO release (%) among the five groups, * vs. other groups with different symbols (t, £, §, ), P
< 0.0001. B. Conversely, phenylephrine (PE)-induced vasoconstriction progressively increased from groups 1 to 5.
Analytical result of vasoconstriction (%), * vs. other groups with different symbols (1, 1, §, ) (i.e., among Group 1
to Group 5), P < 0.0001. C. Ach-induced vasorelaxation significantly and progressively reduced from groups 1 to 5.
Analytical result of vasorelaxation (%), * vs. other groups with different symbols (T, £, §, ) (i.e., among Group 1 to
Group 5), P < 0.0001. D. Analytical result of NO expression in LCCA (uM), * vs. other groups with different symbols
(t, 1, 8, 1), P < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n = 6 for each group). Symbols (*, t, %, §, ) indicate significance (at 0.05 level). LCCA =
left common carotid artery. NO = nitric oxide.

ation and contraction, denuded LCCA was cut Uremic toxic substances induced carotid

into pieces and mounted on the machine sys- artery hyperplasia by day 21 after endothelial
tem. As expected, vasoconstriction (Figure 5B) denudation by angioplasty balloon (Figure 6)
significantly and progressively increased, wh-

ereas vasorelaxation (Figure 5C) significantly To elucidate the impact of serum derived from
and progressively reduced from groups 1 to 5. an ESRD patient on carotid arterial hyperplasia,
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Figure 6. Microscopic identification of uremic toxic substances induced neointimal and medial layer proliferations
by day 21 after balloon denuded LCCA. A-E. lllustrating microscopic finding (100 x) of H & E staining for identification
of the proliferations of intimal and medial layers of LCCA. The black line of square box indicated the manifestation
of yellow line small square box. | = intimal layer; M = medial layer. F. Analytic result of intimal area (i.e., area of neo-
intimal proliferation), * vs. other groups with different symbols (1, 1, §, ), P < 0.0001. G. Analytical result of medial
area, * vs. other groups with different symbols (1, %, §), P < 0.001. H. Analytical result of ratio of mean medial-layer
area to mean intimal-layer area, * vs. other groups with different symbols (1, 1, §, ), P < 0.0001. I. Mean of three
cross sections of intimal layer thickness, * vs. other groups with different symbols (1, £, §, 1), P < 0.0001. J. Mean
of three cross sections of medial layer thickness, * vs. other groups with different symbols (T, 1, §, ), P < 0.0001. K.
Analytical result of ratio of mean thickness of intimal layer to mean thickness of medial layer, * vs. other groups with
different symbols (1, 1, §, 1), P < 0.0001. Scale bars in right lower corner represent 100 um. All statistical analyses
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group).
Symbols (*, 1, f, §, ) indicate significance (at 0.05 level). LCCA = left common carotid artery.

we denuded the endothelium of rat LCCA by
coronary angioplasty balloon (1.5 x 15 mm
size) inflations three times up to 14 atmos-
pheric pressure at the common carotid ar-
tery (Figure 6A-E). The result demonstrated
that the internal cross section of carotid artery
was significantly and progressively reduced
from groups 1 to 5 (Figure 6F), whereas the inti-
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mal and medial layer and thickness of carotid
artery were significantly and progressively
increased from groups 1 to 5 (Figure 6G-K),
suggesting that serum uremic toxic substanc-
es increased hyperplasia and proliferation of
intimal and smooth muscle layers of carotid
artery after endothelial denudation, resulting in
carotid artery obstruction. Of particularly im-
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Figure 7. Uremic toxic substances enhanced inflammatory cell infiltration and DNA-damaged biomarker in carotid
artery by day 21 after endothelial denudation by angioplasty balloon. A-E. Immunofluorescent (IF) microscopic find-
ing (400 x) for identification of positively stained CD14 cells (green color). F. Analytical result of number of CD14+
cells, * vs. other groups with different symbols (1, 1, §, ), P < 0.0001. G-K. IF microscopic finding (400 x) for iden-
tification of positively stained y-H2AX cells (red color). L. Analytical result of number of y-H2AX+ cells, * vs. other
groups with different symbols (1, 1, §, ), P < 0.0001. Scale bars in right lower corner represent 20 um. All statistical
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for

each group). Symbols (*, 1, 1, §, ) indicate significance (at 0.05 level).

portant finding was that these parameters
were significantly less severe in group 3 (i.e.,
deprivation of adventitia layer) than in group 4,
implicating that adventitia layer played an
essentially accessory role on enhancing the
proliferation/hyperplasia of intimal and medial
layers undergoing the uremic-toxic substance
treatment.
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Uremic toxic substances enhanced inflam-
matory cell infiltration and DNA-damaged
biomarker in carotid artery by day 21 after
endothelial denudation by angioplasty balloon
(Figure 7)

The cellular expression of CD14 (Figure 7A-E),
an indicator of inflammation, was significantly
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and progressively upregulated from groups 1 to
5 (Figure 7F). Additionally, the cellular expres-
sion of y-H2AX (Figure 7G-K), an indicator of
DNA-damage, displayed an identical pattern of
inflammation between the two groups (Figure
7L).

Uremic toxic substances suppressed expres-
sions of endothelial cells and enhanced the
expression of EPC in carotid artery by day 21
after endothelial denudation by angioplasty
balloon (Figure 8)

The cellular expression of VWF (Figure 8A-E),
which is an indicator of endothelial functional
integrity, significantly and progressively decre-
ased from groups 1 to 5 (Figure 8F). Conversely,
the cellular expression of CXCR4 (Figure 8G-K),
an indicator of EPC, significantly and progres-
sively increased from groups 1 to 5, suggesting
an intrinsic response for repairing the endothe-
lial lineage after endothelial cell damage by bal-
loon and further damage by balloon + uremic
toxic substances (Figure 8L).

Discussion

Plentiful data have previously identified that
atherosclerosis results from the initiation and
propagation of endothelial dysfunction [1-4].
Additionally, our previous studies [36, 38] have
shown that p-Cresol, an essential uremic toxic
substance, upregulated the ROS-inflammatory
signaling pathway in rat renal tubular cells and
cardiomyocytes. Consistently, the present stu-
dy also displayed that, compared with HUVECs
only, the inflammatory, oxidative-stress (i.e.,
including total intracellular and mitochondrial
levels) apoptotic and autophagic biomarkers
were increased, whereas angiogenesis capaci-
ty was reduced in HUVECs after receiving
p-Cresol treatment. Our findings therefore cor-
roborate with the findings of previous studies
[14, 36, 38] and highlight that uremic toxic sub-
stances played a principal role in endothelial
dysfunction and damage.

Intriguingly, previous studies have demonstrat-
ed that resident stem cells and some inflamma-
tory cells are embryologically present in the
adventitia and participate in vascular-wall
remodeling in response to damaged vessel
stimulation [29, 30], resulting in neointimal/
smooth muscle cell proliferation and, ultimate-
ly, arteriosclerosis [31-33]. An essential finding
in the present study was that as compared with
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group 1 (SC) the carotid-ring formation of angio-
genesis (i.e., ex vivo study) was substantially
reduced in group 2 (BDLCCAE) and was more
substantially reduced in group 4 [BDLCCAE +
ESRD patient’s serum (1 cc) injected from peri-
adventitial layer)]. However, as compared with
group 4 this angiogenesis ability was preserv-
ed in group 3 [BDLCCAE + ESRD patient’s
serum (1 cc) injected into deprived CA adventi-
tia]. Additionally, LCCA remodeling (i.e., thick-
ness of intimal and medial layers resultant
from hyperplasia, proliferation and stenosis;
i.e., narrower LCCA luminal area) as well as
inflammatory cell infiltration (i.e., positively
stained CD14+ and F4/80+ cells) exhibited an
identical pattern to carotid-ring angiogenesis
among the groups 1 to 4. In this way, our find-
ings enriched those of previous studies [29-33]
and yielded several preclinically relevant impli-
cations: (1) uremic toxic substances were
involved in suppression of angiogenesis and
enhancement of inflammatory reaction in LCCA;
(2) the adventitial layer facilitated uremic toxic
substances to participate in LCCA remodeling
and obstruction (3) that were attenuated by
deprivation of the adventitial layer.

A principal finding in the ex vivo study was that,
as compared to group 1, the vasorelaxation of
denuded LCCA was reduced in group 2, more
substantially reduced in group 4, and was par-
tially reversed in group 3 as compared with
group 4. Conversely, NO-release in denuded
LCCA displayed an opposite pattern to vasore-
laxation among the four groups. Our findings
once again demonstrated that uremic toxic
substances played a crucial role and the adven-
titial layer of LCCA acted as a key complemen-
tary role on LCCA-wall remodeling and stenosis.
Another principal finding in the present study
was that the number of positively stained CD31
and vWF cells in LCCA, two indicators of endo-
thelial lineage integrity, was significantly and
progressively reduced from groups 1 to 4. This
may explain the phenomenon of defective
vasorelaxation and NO release in denuded
LCCA among the groups.

The most important finding in the present study
was that, as compared with groups 1 to 4, intra-
venous injection of uremic toxic substances in
group 5 played an extremely important role in
remodeling, stenosis and molecular-cellular
perturbations in denuded LCCA. Our findings
can now explain why previous clinical studies
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Figure 8. Uremic toxic substances suppressed expressions of endothelial cells endothelial progenitor cells in carotid
artery by day 21 after endothelial denudation by angioplasty balloon. A-E. Immunofluorescent (IF) microscopic find-
ing (400 x) for identification of positively stained von Willebrand factor (vWF) cells (red color). F. Analytical result of
number of VWF+ cells, * vs. other groups with different symbols (1, £, §, ), P < 0.0001. G-K. IF microscopic finding
(400 x) for identification of positively stained CXCR4 cells (green color). L. Analytical result of number of CXCR4+
cells, * vs. other groups with different symbols (1, 1, §, ), P < 0.0001. Scale bars in right lower corner represent 20
um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n = 6 for each group). Symbols (*, T, 1, §, Y) indicate significance (at 0.05 level).

have demonstrated that uremic toxic substanc-
es are one of the most harmful factors to cause
endothelial dysfunction and plaque formation
but also cause AOS [12, 13] with very poor
response to medication and coronary artery
interventions [13-21], resulting in unfavorable
long-term prognosis [19-22].
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Study limitations

This study has limitations. First, we did not
define the exact components of the uremic
toxic substances derived from each ESRD
patient’s serum. Accordingly, we do not know
which component was the most essential for
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induction of denuded LCCA remodeling and ste-
nosis. Second, we did not perform a stepwise
concentration increase of uremic toxic sub-
stances on denuded LCCA. Accordingly, without
dosage titrations, we did not conclude the
optimal concentration/volume of uremic toxic
serum for inducing denuded LCCA remodeling
and stenosis in rat.

In conclusion, uremic toxic substances play-
ed an essential role in vascular wall remodel-
ing and obstruction, and the adventitial layer
played a complementary role in initiation and
propagation of atherosclerosis.
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