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Abstract. – OBJECTIVE: The study aimed to 
explore the effects of p-cresyl sulfate (PCS) of 
damaging vascular endothelial cells and pro-
moting the formation of atherosclerosis in mice.

MATERIALS AND METHODS: The apolipo-
protein E (ApoE)-/- mice were fed normally and 
with a high-fat diet; the ApoE-/- mice fed with 
high-fat diet were divided into two groups and 
treated with blank control and PCS, respec-
tively. The aortic arch in each group was taken 
and underwent the oil red O staining, and the 
serum PCS content in each group was detect-
ed. The basic components of plaque were ob-
served, including foam cells, lipid deposition, 
and cholesterol crystal. Moreover, human um-
bilical vein endothelial cells were cultured and 
divided into control group, PCS treatment group 
(PCS), PCS treatment with TLR4 overexpression 
group (PCS+TLR4+), and PCS treatment with 
TLR4 knock-out group (PCS+TLR4-). The degree 
of endothelial cell damage was detected using 
a cluster of differentiation CD42b-/CD31+ endo-
thelial microparticles (EMPs), and expressions 
of Toll-like receptor 4 (TLR4), triggering receptor 
expressed on myeloid cells-1 (TREM-1), phos-
phorylated-endothelial nitric oxide synthase 
(p-eNOS), and tumor necrosis factor-α (TNF-α) 
in cells were detected via Polymerase Chain Re-
action (PCR) and Western blotting.

RESULTS: The serum PCS concentration in 
high-fat ApoE-/- mice was increased, and the 
aortic arch sections of ApoE-/- mice treated 
with PCS displayed the evident atherosclerot-
ic plaques. Experimental results of human um-
bilical vein endothelial cells showed that the ac-
tivity of human umbilical vein endothelial cells 
treated with PCS declined, the expression lev-
els of TLR4, TREM-1, and TNF-α were increased, 
while that of p-eNOS was decreased. After the 
TLR4 knockout, the above effects of PCS were 
reversed.

CONCLUSIONS: PCS damages vascular en-
dothelial cells through TRL4/TREM-1, thereby 
accelerating the formation of atherosclerosis.
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Introduction

Atherosclerosis is a major cause of human 
death currently, and the coronary atherosclerotic 
heart disease becomes increasingly detrimental, 
which has been the second killer of human only 
following the tumor, as well as a severe challenge 
in the cardiovascular field. The pathogenesis of 
atherosclerosis is complex, and various theories 
related to it have been proposed, including throm-
bosis theory, lipid infiltration theory, damage 
response theory, oxidative stress theory, shear 
stress theory, smooth muscle cell monoclonal the-
ory, and chronic inflammation theory, but none 
of them can fully explain the pathogenesis of 
all atherosclerotic diseases. Therefore, studying 
the possible breakthrough points from its patho-
genesis is of great significance in exploring new 
intervention measures and improving the overall 
prevention and treatment levels of atherosclerotic 
diseases. In recent years, increasingly more basic 
and clinical research results have supported that 
endothelial dysfunction, especially the inflamma-
tory response of endothelial cells, is a key initi-
ating and promoting factor of atherosclerosis1,2.

P-cresyl sulfate (PCS) is one of the nephro-
toxins confirmed currently, whose precursor is 
p-cresol3. As a kind of protein-binding toxin hard 
to be dissociated, PCS plays an important role in 
the renal damage and the occurrence and devel-
opment of uremia. PCS has been proved to be a 
pro-oxidant with oxidative stress, which can pro-
mote the respiratory burst of leukocytes and pro-
duction of reactive oxygen, and damage vascular 
endothelial cells, thus leading to vascular dys-
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function4-6. PCS can also induce the expression 
of a variety of cytokines, such as tumor necro-
sis factor-α (TNF-α), various interleukins (ILs), 
and colony-stimulating factors, further damag-
ing cells7,8. Endothelial microparticles (EMPs) 
produced by damaged vascular endothelial cells 
are shed into the blood. EMPs are a kind of tiny 
vesicular structure with a diameter fewer than 1 
μm, which is positively correlated with the degree 
of endothelial cell damage, so it often serves as a 
marker for endothelial cell damage9. Studies have 
demonstrated that PCS can increase the number 
of EMPs in human umbilical vein endothelial 
cells, confirming the damage of PCS to vascu-
lar endothelial cells. PCS cannot only damage 
vascular endothelial cells through promoting an 
inflammatory response, but also directly damage 
vascular endothelial cells and inhibit the prolif-
eration of vascular endothelial cells. Therefore, 
PCS is an important factor of cardiovascular 
disease10.

The Toll-like receptor (TLR) is a kind of pat-
tern recognition receptor, and there are 11 mem-
bers in the TLR family playing important roles 
in the identification of pathogenic molecules11. 
TLR can promote the synthesis and release of 
cytokines, thereby triggering the inflammatory 
response. TLR4 is a recognition receptor for li-
popolysaccharide (LPS), a component of the cell 
wall of Gram-negative bacteria. Activated TLR4 
can activate multiple signal transduction path-
ways, including adenosine monophosphate-ac-
tivated protein kinase (AMPK), phosphatidyli-
nositol 3-hydroxy kinase (PI3K), and nuclear 
factor-κB (NF-κB), and induce a series of inflam-
matory mediators, thus producing strong inflam-
matory response12,13.

Triggering receptor expressed on myeloid 
cells-1 (TREM-1) is a member of the TREM 
family, which is mainly expressed in neutrophils, 
mature monocytes, and macrophages. TREM-1 
can act on the occurrence and development of in-
flammation, thus amplifying the inflammation14. 
Studies15-17 have found that the overexpression 
of TREM-1 can reduce the release of the an-
ti-inflammatory factor IL-10, and increase the 
secretion and release of inflammatory factors 
and chemokines, thus positively feeding back the 
inflammatory response.

It has been suggested that PCS can produce 
inflammatory response through TLR4 and the 
downstream TREM-1 pathway, thereby causing 
the cardiovascular endothelial cell dysfunction 
and ultimately leading to atherosclerosis.

Materials and Methods

Animals and Reagents
A total 80 apolipoprotein E (ApoE)-/- mice aged 

8 weeks old weighing (22.3 ± 0.5) g in normal 
nutritional status and mental status were pro-
vided by the Laboratory Animal Center of Nan-
jing University (Nanjing, China). This study was 
approved by the Animal Ethics Committee of 
Taizhou People’s Hospital Animal Center. TLR4, 
TREM-1, TNF-α, and phosphorylated-endothe-
lial nitric oxide synthase (p-eNOS) antibodies 
were purchased from Sigma-Aldrich (St. Louis, 
MO, USA); TLR4, TREM-1, TNF-α, and p-eNOS 
primers were purchased from Sangon (Shanghai, 
China); oil red O staining kit was purchased 
from Beyotime (Shanghai, China); TLR4 lenti-
virus was bought from Shanghai HanBio Co., 
Ltd. (Shanghai, China); fluorescein isothiocya-
nate (FITC)-labeled mouse anti-human leukocyte 
differentiation antigen platelet-endothelial cell 
adhesion molecule (CD31) monoclonal antibody, 
FITC-labeled isotype control antibody immuno-
globulin G1 (IgG1), phycoerythrin (PE)-labeled 
mouse anti-human selectin (CD42b) monoclonal 
antibody, PE-labeled isotype control antibody 
IgG1, FITC-labeled Annexin V, and Propidium 
Iodide (PI) dye were bought from BD (Franklin 
Lakes, NJ, USA); ribonucleic acid (RNA) reverse 
transcription kit and quantitative Polymerase 
Chain Reaction (qPCR) kit were purchased from 
TaKaRa (Otsu, Shiga, Japan).

Modeling and Grouping
A total of 20 ApoE-/- mice were fed with a 

normal diet, while 20 ApoE-/- mice were fed with 
a high-fat diet supplemented with 0.15% cho-
lesterol and 21% lard oil for 6 weeks to prepare 
the mouse model of hyperlipidemia. Another 20 
ApoE-/- mice were randomly selected as control 
group and underwent gavage with distilled water, 
and 20 ApoE-/- mice were taken as PCS treatment 
group and underwent gavage with distilled water 
containing 17 μL/g PCS (100 mg/kg). Mice were 
fed at (21±2)°C under the relative humidity of 
(50±15)% and 12/12 h light/dark cycle, and exe-
cuted after 8 weeks for further data analysis.

Oil Red Staining
After fasting for solids not liquids over-

night, mice were anesthetized, and the chest 
was opened to expose the heart. Under aseptic 
conditions, the heart and aorta were taken, fixed 
with 10% formaldehyde, dehydrated, routinely 
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embedded into paraffin, and sliced into about 5 
μm-thick sections at 60°C overnight, followed 
by dewaxing with xylene and dehydration with 
gradient alcohol. The same four sections were 
selected from the aortic root of each mouse, 
and two sections were serially taken at an in-
terval of 100 μm, followed by oil red O staining 
and observation under a light microscope. The 
plaque area (PA) and cross-sectional vascular 
area (CVA) were detected using the Image-Pro 
Plus IPP (Media Cybernetics, Inc., Bethesda, 
MD, USA), and the average of 4 sections was 
taken for each sample.

Detection of PCS
After 15 μL 6M hydrochloric acid and 100 mg 

NaCl were added into 100 μL serum, the mixture 
was shaken violently for 5 min, added with 1 
mL isopropyl ether, fully mixed and shaken for 
1 min, followed by centrifugation at 3000 g and 
room temperature for 10 min. Then, 800 μL su-
pernatant was taken into an Eppendorf (EP) tube, 
added with 100 μL NaOH dissolved in methanol, 
fully mixed and blown dry with nitrogen. 80 μL 
methanol was added into the residual dry powder, 
dissolved and mixed evenly. Finally, 5 μL sam-
ples were taken for the high-performance liquid 
chromatography-mass spectrometry (HPLC-MS).

Determination of CD42b-/CD31+EMPs
The cell culture supernatant was collected 

and centrifuged at 5000 g and 4°C for 10 min to 
remove the cells and cell debris. After centrif-
ugation, 50 μg supernatant was added into an 
absolute counter tube, and then, 5 μL specific an-
tibodies (anti-CD31-PE, anti-CD42b-FITC) or an 
equal amount of isotype control antibodies were 
also added, followed by incubation at room tem-
perature in a dark place for 20 min and detection 
via flow cytometry. 0.3-0.8 μm microparticles 
were collected, FITC and PE fluorescence inten-
sity was further analyzed at 525 nm and 575 nm, 
and 20000 fluorescence-labeled absolute counter 
microspheres were collected. The concentration 
of EMPs was calculated as follows: number of 
fluorescence-labeled EMPs × 20000 × 20/number 
of absolute counter microspheres collected.

Western Blotting
Tissues extracted were ground with liquid ni-

trogen, diluted with normal saline and placed on 
ice. Then, the supernatant was taken and centri-
fuged at 4°C for 5 min, and the supernatant was 
discarded. The precipitate was resuspended using 

the radioimmunoprecipitation assay (RIPA) lysis 
solution containing phenylmethanesulfonyl fluo-
ride (PMSF; Beyotime, Shanghai, China), lysed 
and centrifuged at 16000 g and 4°C for 15 min. 
The supernatant was taken for protein quantifica-
tion. The protein was added with loading buffer 
and heated for denaturation, followed by sodium 
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE). Then, the protein was trans-
ferred onto a membrane, sealed with 5% skim 
milk for 2 h, added with the primary antibody 
for incubation at 4°C overnight, and washed with 
Tris-buffered saline with Tween-20 (TBST) 3 
times (10 min/time). The corresponding second-
ary antibody was added for incubation at room 
temperature for 1 h, and the protein was washed 
again with TBST 3 times (10 min/time). Finally, 
the protein expression in different samples was 
detected using the ECL method.

An appropriate amount of tissue samples was 
taken, added with TRIzol (Invitrogen, Carls-
bad, CA, USA) and lysed at room temperature 
for 5 min. The tissue lysate was added with 
1/5 volume of chloroform, fully shaken until 
full emulsification without layers, and placed 
at room temperature for 5 min, followed by 
centrifugation at 12000 g and 4°C for 15 min. 
The supernatant was taken into the EP tube, 
and an equal volume of isopropanol was also 
added, mixed evenly and placed at room tem-
perature for 10 min, followed by centrifugation 
at 12000 g and 4°C for 10 min. The supernatant 
was discarded, the precipitate was washed with 
75% ethanol and centrifuged for another 5 min, 
the ethanol was discarded, and the precipitate 
was dried for 2-3 min and dissolved with 20 
μL diethyl pyrocarbonate (DEPC)-treated water. 
After the RNA concentration was measured, 
reverse transcription was performed according 
to instructions of the reverse transcription kit. 
PCR system (a total of 20 μL) is as follows: 10 
μL TB Green Premix Ex TaqII (2×), 0.4 μL ROX 
Reference Dye or Dye II (50×), 0.8 μL forward 
primers and 0.8 μL reverse primers (10 μmol/L), 
2 μL cDNA solution and 6 μL sterilized ddH2O. 
PCR cycle parameters are as follows: pre-de-
naturation at 95°C for 30 s, 95°C for 5 s, 60°C 
for 34 s, collection of fluorescence at 60°C, a 
total of 40 cycles. Data were collected using the 
Applied Biosystems 7500 Fast Real Time-PCR 
System. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as the housekeeping 
gene, and the relative expression level was cal-
culated using the 2-ΔΔCt method.
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Statistical Analysis
Data were expressed as mean ± standard devi-

ation and analyzed via paired or unpaired t-test. 
One-way analysis of variance was used for the 
comparison among groups, and SNK post-hoc 
test was adopted for the pairwise comparison. p 
< 0.05 suggested that the difference was statisti-
cally significant. Statistical Product and Service 
Solutions (SPSS) 20.0 software (IBM, Armonk, 
NY, USA) was used for data analysis, and Graph-
Pad software (La Jolla, CA, USA) was used for 
plotting.

Results 

The serum PCS level was increased in mice fed 
with a high-fat diet, and atherosclerotic plaques 
were more severe in mice treated with PCS.

The gross specimen of the aorta of mice in 
each group underwent oil red O staining, and the 
atherosclerotic lesion sizes were compared. The 
oil red O staining of aortic sections in the four 
groups of mice is shown in Figure 1A, and the 
atherosclerotic lesion size is shown in Figure 1B. 
According to the microscopic observation, there 
were aortic plaques formed in ApoE-/- mice fed 
normally, and its average size was about 348 ×103 

um2, while evident aortic plaques were formed 
in ApoE-/- mice fed with a high-fat diet, and its 
average size was about 420 × 103 um2.

Moreover, the serum PCS content in the wild-
type mice and ApoE-/- mice fed with a high-fat di-
et was significantly increased (p < 0.01) (Table I).

Besides, in the two group of ApoE-/- mice fed 
with a high-fat diet, the group treated with PCS 
showed increased serum PCS level and elevated 
atherosclerotic lesion size compared to the mice 
treated with distilled water (p < 0.05) (Figure 1A 
and 1B; Table I).

Damage of PCS to Human Umbilical 
Vein Endothelial Cells

Human umbilical vein endothelial cells were 
divided into control group and PCS treatment 
group. After PCS at a concentration of 0 μg/mL, 
20 μg/mL, 40 μg/mL, and 80 μg/mL acted on hu-
man umbilical vein endothelial cells for 24 h, the 
cell culture supernatant was collected to deter-
mine the release amount of CD42b-/CD31+EMPs. 
Results revealed that PCS could significantly 
increase the release of CD42b-/CD31+EMPs in 
human umbilical vein endothelial cells compared 
with that in control group, and the increased level 

of CD42b-/CD31+EMPs was positively propor-
tional to PCS concentration (Figure 2).

Then, human umbilical vein endothelial cells 
were divided into control group and PCS treat-
ment group. After PCS at a concentration of 80 
μg/mL acted on human umbilical vein endotheli-
al cells for 24 h, RNA and protein were collected 
to detect expression levels of p-eNOS and TNF-α. 
Results revealed that the expression level of 
p-eNOS was decreased in human umbilical vein 
endothelial cells in PCS treatment group, while 
that of TNF-α was increased (p < 0.01) (Figure 
3A and 3B). These results prove the damage of 
PCS to human umbilical vein endothelial cells.

PCS Damaged Human Umbilical Vein 
Endothelial Cells Via TLR4/TREM-1

Human umbilical vein endothelial cells were 
divided into control group, PCS treatment group 
(PCS), PCS treatment with TLR4 overexpres-
sion group (PCS+TLR4+), and PCS treatment 
with TLR4 knock-out group (PCS+TLR4-). Af-
ter PCS at a concentration of 80 μg/mL acted 
on human umbilical vein endothelial cells for 
24 h, the cell culture supernatant was collected 
to determine the release amount of CD42b-/
CD31+EMPs. RNA and protein were collected 
to detect expression levels of TLR4, TREM-1, 
p-eNOS, and TNF-α. The release amount of 
CD42b-/CD31+EMPs is shown in Figure 4, and 
results manifested that TLR4 knockout could 
effectively reduce the release amount of CD42b-/
CD31+EMPs under PCS treatment, while TLR4 
overexpression could increase the release amount 
of CD42b-/CD31+EMPs. PCS treatment could 
increase the expression levels of TLR4 and 
TREM-1, and the expression level of TREM-1 
declined after the TLR4 knockout, while that was 
increased after TLR4 overexpression (Figure 5A 
and 5B). TLR4 knockout led to the increased ex-
pression of p-eNOS and decreased expression of 
TNF-α, while TLR4 overexpression could further 
promote the increased expression of TNF-α and 
decreased expression of p-eNOS caused by PCS 
(Figure 3A and 3B). To sum up, PCS can damage 
human umbilical vein endothelial cells via TLR4/
TREM-1.

Discussion 

The incidence rate of cardiovascular disease 
is increased significantly in patients with chronic 
renal disease, abnormality of cardiac structure 
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Figure 1. A, Representative sections of aortic sinus stained with Oil Red O in ApoE-/- mice in different groups (Control, High-
Fat Diet, High-Fat Diet+dd H2O, High-Fat Diet+PCS) at 16 weeks. B, Quantitative analysis of lesion size staining in different 
groups. Values are presented as the mean SD, n=5.
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and coronary artery-related lesions, including 
atherosclerosis and myocardial infarction, occur 
in many patients with end-stage renal disease18,19, 
which may be related to more common traditional 
risk factors for cardiovascular disease in patients 
with chronic renal disease. Hypertension, diabe-
tes mellitus, lipid metabolism disorder, hyperho-
mocysteinemia, and abnormal activation of the 
renin-angiotensin system are more likely to occur 
in patients with chronic renal disease20-23.

According to recent studies, however, after 
traditional risk factors for cardiovascular dis-
eases, such as hypertension and diabetes melli-
tus, are controlled, and dyslipidemia in patients 
with the chronic renal disease is improved, the 
cardiovascular complications in patients fail to 
be improved24. Therefore, uremia toxin, as a 
unique cardiovascular risk factor in chronic renal 
disease, has been a research focus at present. 
Protein-binding small-molecule toxins cannot be 
removed from the body due to dialysis, so it has 
been paid more attention to25. Scholars26-28 have 
demonstrated that PCS, as a kind of protein-bind-
ing small-molecule toxin, is related to the cardio-
vascular mortality and all-cause mortality rates 
of patients with chronic renal disease in different 

degrees. However, the specific mechanism of 
PCS in inducing cardiovascular system diseases 
has not been fully studied yet. The influence 
of PCS on the occurrence and development of 
atherosclerosis is a major focus, so this research 
mainly aims to study the specific mechanism of 
PCS in inducing atherosclerosis.

The formation of atherosclerotic plaque is a 
multi-factor complex process, in which an in-
flammatory response is an important promoting 
factor. The inflammatory response leads to the re-
lease of a large number of cells and inflammatory 
factors, activates multiple inflammatory response 
pathways, causes damage to the structure and 
organelle of vascular endothelial cells in different 
degrees, and results in dysfunction of vascular 
endothelial cells, thereby accelerating the plaque 
formation2. TLR4, a member of the TLR family, 
is also a pattern recognition receptor for LPS, 
which plays an important role in the initiation and 
progression of inflammation12. Some authors29,30 
have proved that TLR4 can promote the forma-
tion of atherosclerotic plaque, such an effect may 
be related to the activation of NF-κB signaling 
pathway by TLR4, and TLR4 also regulates the 
role of oxidized low-density lipoprotein during 
the formation of atherosclerosis. However, there 
is a lack of study on the role of TLR4 in the pro-
cess of promoting atherosclerosis by PCS. In this 
investigation, the possible correlation between 
PCS and TLR4 in the formation of atherosclerosis 
was studied.

TREM-1 is a kind of pro-inflammatory fac-
tor, which amplifies the inflammation. It has 
been demonstrated in existing investigations 

Table I. PCS level in ApoE-/- mice serum of different groups.

	 Group	 Weight (g)	 PCS (μg/mL)

Normal diet	 26.59 ± 1.45	 0.75 ± 0.88
High-Fat diet	 29.04 ± 2.57	 2.91 ± 3.04
Control	 30.73 ± 1.79	 3.28 ± 4.17
PCS	 32.60 ± 2.08	 6.83 ± 3.36

Figure 2. Flow cytometry analysis of CD42b-/CD31+EMPs was determined using FITC/PI staining in human cells umbilical 
vein endothelial cells treated with PCS with different concentration. Data are typical of three similar experiments. The 
percentage of FITC and/or PI positive cells was depicted with cytofluorometer quadrant graphs.
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Figure 3. A, Images of TLR4 protein and mRNA content in Control, PCS, PCS+TLR4+, -PCS+TLR4- via Western blotting 
detection and real-time PCR detection. *p < 0.05 vs. Control (n = 5). B, Images of TREM-1 protein and mRNA content in 
Control, PCS, PCS+TLR4+, -PCS+TLR4- via Western blotting detection and real-time PCR detection. *p < 0.05 vs. Control 
(n = 5).

Figure 4. Flow cytometry analysis of CD42b-/CD31+EMPs was determined using FITC/PI staining in human cells umbilical 
vein endothelial cells. Data are typical of three similar experiments. The percentage of FITC and/or PI positive cells was 
depicted with cytofluorometer quadrant graphs.
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that TREM-1 can bind to TLR4 to promote 
the inflammatory response under the action of 
TLR431. TREM-1 plays an important role that 
cannot be ignored in the action of TLR4, so the 
related changes in TLR4/TREM-1 under the ac-
tion of PCS were explored in this study.

Results of this work showed that PCS promotes 
the formation of atherosclerotic plaque in mice, 
and the cell experiment provided a theoretical 
basis for it. In human umbilical vein endothelial 
cells, PCS can significantly promote the expres-
sions of TLR4 and TREM-1, and lead to the 
increased expression level of the inflammatory 
factor TNF-α and decreased expression level 
of NO-related gene p-eNOS. However, the cell 
environment in vitro is so single that the com-

plex environment in vivo cannot be simulated. 
Therefore, the role of PCS in the formation of 
atherosclerosis and its specific mechanism are 
still pending further study.

Conclusions

We observed that P-cresyl sulfate confers dam-
ages vascular endothelial cells through TRL4/
TREM-1, thereby promoting the formation of 
atherosclerosis.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Figure 5. A, Images of TNF-a protein and mRNA content in Control, PCS, PCS+TLR4+, -PCS+TLR4- via Western blotting 
detection and real-time PCR detection. *p < 0.05 vs. Control (n=5). B, Images of p-enos protein and mRNA content in Control, 
PCS, PCS+TLR4+, -PCS+TLR4- via Western blotting detection and real-time PCR detection. *p < 0.05 vs. Control (n = 5).
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