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PFOS and Its Substitute OBS Cause Endothelial Dysfunction to
Promote Atherogenesis in ApoE~~ Mice
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ABSTRACT: Perfluorooctanesulfonate (PFOS), an emerging contaminant 0 PFOS or OBS PFOS or OBS

with widespread concern, has been associated with the pathogenesis of N —HUVEC
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atherosclerosis (AS). As a substitute for PFOS, sodium p-perfluorous RS

nonenoxybenzenesulfonate (OBS) is extensively utilized in various AomN /—_/g

applications and detected in human blood. However, its potential health | onin Dyetinidemi - PFOS  OBS

risk in AS remain unclear. In this study, we investigated the comparative | bloodandaota: le-'*’“e'af‘e'e*"“"'e {9”"““““’" T
Phenotype

PFOS >0BS to OBS than PFOS

impacts of PFOS and OBS on endothelial dysfunction and atherogenesis. In % Colljunction — |
the in vivo study, Apolipoprotein E knockout (ApoE™'") mice were exposed | . i _ i
to 0.4 or 4 mg/L PFOS/OBS for 12 weeks. We found that dyslipidemia "-.-7jjd°‘j‘j““7'" i“ijjyi-”""’ oty { we 111
developed more rapidly in the OBS-exposed mice than in the PFOS-exposed = e == evtor nflA_PKIERK |._ HT. N
mice. PFOS exhibited a higher enrichment capacity in both blood and aortic T ] e oo
nflamm: r n 1 increase | decrease — no effect

tissues than OBS. Remarkably, OBS induced a more pronounced Endothelial barrier disruption
inflammatory response and caused a more significant disruption of the
endothelial barrier in the aorta of ApoE™~ mice compared to PFOS. In vitro experiments showed that OBS, at the same exposure
concentrations and durations as PFOS (0.1—20 gmol/L, 48 h), more effectively inhibited cell viability of human umbilical vein
endothelial cells (HUVECs), caused higher levels of lactate dehydrogenase (LDH) release, and enhanced cell adhesion between
HUVECs and monocytes. Both PFOS and OBS were found to activate the NF-kB signaling pathway and upregulate the expression
of inflammatory factors. Notably, the use of OBS, but not PFOS, was shown to disrupt cell junctions and increase endothelial
permeability by activating the MAPK/ERK signaling pathway. Our findings suggest that OBS may lead to endothelial dysfunction
and have a greater impact on AS compared to PFOS, presenting significant health risks in cardiovascular diseases.
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1. INTRODUCTION been frequently detected in the environment, including
groundwater (7.25—59.89 ng/L), tap water (5.93—17.1 ng/L),
and atmospheric particulate matter, especially with concen-
trations reaching 32 x 10° ng/ L in river water around the
Daging Oil field."~"* Notably, OBS was detected in wild carp
blood at the concentration of 144 ng/mL (0.23 gmol/L)."
There is limited research on the presence of OBS in human
blood, with only one study indicating that the concentration of
OBS in the blood of pregnant women was found to be 0.711 ng/
mL (0.001 umol/L)."” Recent reports show that OBS has a
variety of toxicities, including neural toxicity, reproductive
toxicity, developmental toxicity, intestinal toxicity, and liver
toxicity.'*">' OBS can bioaccumulate into the human body
through various pathways; thereby, it is imperative to under-
score the health risk of OBS.

Pentafluorooctanesulfonate (PFOS) is one of perfluoroalkyl and
polyfluoroalkyl substances (PFASs) with widespread concern.
PFOS is characterized with environmental persistence, long-
range transport, bioaccumulation and biomagnification, as well
as broad range of toxic effects, leading to its global restriction or
ban. PFOS ranks the first in the list of emerging contaminants
management in China at the beginning of 2023.> PFOS has been
detected in various water bodies at concentrations ranging from
0.01 ng/L to 5 mg/L and is frequently found in soil, indoor and
outdoor air, food, plants, and wildlife.® Tt was reported that
PFOS was detected up to 85.90 ng/mL (0.17 ymol/L) in the
blood of the adolescents and young (12 to 30 years old) and
reached 10,400 ng/mL (20 ymol/L) in the blood of people
living in Tangxun Lake of China.*> PFOS has a variety of toxic
effects on human health, including cardiovascular, neurotoxic,
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Figure 1. Effects of PFOS and OBS on the levels of blood lipids in ApoE~/~ mice. (A) Flowchart of animal experimental procedure. (B—E) Levels of
TG, TC, HDL-C, and LDL-C in plasma of mice at 6, 8, and 12 weeks postexposure (n =4). (F) Levels of PFOS and OBS in plasma of mice at 12 weeks
postexposure (1 = 6). (G) Mass spectrometry images show the spatial distribution of PFOS in the aorta of mice, and average fluorescence intensity was
quantitatively analyzed (n = 3). *P < 0.05, **P < 0.01. Scale bar: 100 ym.

Atherosclerosis (AS) is recognized as the primary cause of
morbidity and mortality in the majority of cardiovascular
diseases, and it is a significant contributor to acute
cardiovascular events such as myocardial infarction and stroke.””
It is known that vascular endothelial dysfunction plays an
important role in the development and progression of AS.”>**
Vascular endothelial cells are susceptible to stimulation by

certain substances in the blood, leading to cell damage or
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dysfunction. When endothelial cells are subjected to persistent
stimulation, an inflammatory cascade is initiated, leading to the
upregulation of inflammatory mediators and adhesion mole-
cules, as well as the recruitment of monocytes.25 Concurrently,
the disruption of endothelial cell junctions allows for the
transmigration of lipoproteins into the intima layer, fostering the
development of atherosclerotic plaques.”® Furthermore, a
metabolic imbalance between low-density lipoprotein (LDL)

https://doi.org/10.1021/envhealth.4c00206
Environ. Health 2025, 3, 526—538


https://pubs.acs.org/doi/10.1021/envhealth.4c00206?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00206?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00206?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00206?fig=fig1&ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

and high-density lipoprotein (HDL) in the bloodstream is
linked to endothelial cell dysfunction, which is a significant
etiological factor in the development of AS.*®

Emerging evidence suggests that PFOS exposure may affect
the initiation and progression of AS.””~>” Apolipoprotein E
knockout (ApoE™'~) mice serve as a prevalent model in AS
research, which closely resembles human AS in terms of lesion
distribution with their capacity to replicate hypercholester-
olemia and the progression of AS.”>" In vivo investigations
demonstrated that PFOS promoted arterial plaque formation,
increased plaque vulnerability, and exacerbated AS lesions in
ApoE™/~ mice.”” In vitro studies revealed that exposure to PFOS
significantly increased cell permeability and compromised the
integrity of tight junctions (TJs) in human microvascular
endothelial cells.”> In human umbilical vein endothelial cells
(HUVECs), 200 pumol/L PFOS has been shown to incite
inflammation and promote cell adhesion to monocytes.**
Although there is a relative scarcity of research on the toxicity
of OBS, exposure to 30 mg/L of OBS can adversely impact heart
development and cause alterations in the vascular structure of
zebrafish larvae. These effects manifest as a reduction in
intersegmental vessel length and impaired dorsal longitudinal
anastomotic vessel formation.'® An assessment utilizing the
Toxicological Priority Index (TPI) scores has suggested that
OBS poses a higher health risk compared to PFOS.”” However,
the exact mechanisms and potential effects of PFOS and its
novel substitute OBS on vascular endothelial function in AS
remain to be elucidated.

In the present study, we performed both in vivo and in vitro
experiments to investigate the impacts of PFOS and OBS on
blood lipid levels, inflammatory responses and endothelial
barrier function in the aortas of ApoE ™~ mice. Concurrently, we
assessed the distinct effects of PFOS and the OBS on endothelial
dysfunction in HUVECs, focusing on cell viability, adhesion,
permeability, and junctional integrity. Our findings suggest that
both PFOS and OBS may pose substantial health risks in AS,
indicating the necessity for further research into the safety
profile of OBS as an alternative to PFOS in cardiovascular
diseases.

2. MATERIALS AND METHODS

2.1. Animal Grouping and Experiment Design

Thirty adult male ApoE™~ mice (6 weeks old; Liaoning Changsheng
biotechnology company, Benxi, China) were raised under specific
pathogen free (SPF) conditions in a ventilated animal facility. ApoE ™'~
mice (n = 6) were randomly divided into five groups: Control, 0.4 mg/L
PFOS, 4 mg/L PFOS, 0.4 mg/L OBS, and 4 mg/L OBS. Exposure
concentrations of 0.4 and 4 mg/L were determined based on the
maximum exposure concentration (4.6 mg/L) of PFOS in groundwater
contaminated with PEASs.*® We referenced previous PFOS exposure
studies using a drinking water approach.”” These exposure doses were
approximated to 0.05—0.09 or 0.5—0.9 mg/kg/day, calculated for an
average mouse weight of 30 g and an average daily water consumption
of 4—7 mL. This work has received approval for research ethics from the
Dalian Maritime University (No. DMU202401).

PFOS (CAS: 1763—23—1) and OBS (CAS: 70829—87—7) were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan)
and Shanghai Futian Chemical Technology Co. (Shanghai, China),
respectively. The flowchart of the animal experiment is shown in Figure
1A. After acclimatization for 1 week, all mice were reared on a high-fat
diet including 20% fat by mass and 1.25% cholesterol (Jiangsu Xietong
Pharmaceutical Bioengineering Company, Nanjing, China) for 12
weeks. During a 12 weeks exposure period, mice in the control group
were given ultrapure water to drink. In contrast, those mice in the
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PFOS/OBS groups were administered a daily solution containing
either 0.4 mg/L or 4 mg/L of PFOS/OBS dissolved in ultrapure water.
Mouse body weights were monitored weekly, and food intake was
recorded from weeks 6 to 12. Plasma samples were collected at weeks 6,
8, and 12 and stored at —80 °C for later analysis. Aortic samples were
also collected at the end of the 12 weeks period and preserved at —80 °C
until required for use. Plasma levels of total cholesterol (TC),
triglycerides (TG), LDL-cholesterol (LDL-C), and HDL-cholesterol
(HDL-C) were measured at weeks 6, 8, and 12 using specific assay kits
(Al11-1-1, A110—1-1, A113—1—1, A112—1—1, Nanjing Jianjian
Bioengineering Institute, Nanjing, China).

2.2. Measurement of PFOS and OBS in Mice

PFOS and OBS concentrations in plasma were quantified using liquid
chromatography-tandem mass spectrometry (LC-MS/MS) (Support-
ing Information for details). The distribution of PFOS in the aorta was
visualized using matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MSI, Shimadzu, Kyoto, Japan). Relative
quantification was achieved by comparing the signal intensities across
different regions, with the specific methodologies and calculation
formulas detailed in the Supporting Information.

2.3. Immunofluorescent Staining

Vascular endothelial (VE)-cadherin in the aorta was monitored by
immunofluorescent staining. Aortic tissues were first fixed in 4%
paraformaldehyde for 24 h, followed by ethanol gradient dehydration
and xylene hyalinization and finally paraffin embedding. Paraffin-
embedded aortic tissues were cut into 5 um thick sections with a
microtome. Aortic paraffin sections were dewaxed to water and then
antigenically repaired by using EDTA antigen repair buffer. Aortic
tissue antigens were repaired and closed by serum for 30 min, and VE-
cadherin antibody (ab205336, Abcam, Cambridge, UK) at a dilution of
1:1000 was added dropwise to the sections and incubated at 4 °C
overnight. After the primary antibody incubation, the secondary
antibody at a dilution of 1:200 (GB22301, Servicebio, Wuhan, China)
was incubated at room temperature for 50 min. DAPI staining solution
was added dropwise, incubated at room temperature for 10 min, and
protected from light, and the film was sealed. Sections were placed
under a scanner to capture images and analyzed for the percentage of
positive area using image-J v1.53 software (National Institutes of
Health, Bethesda, MA, USA)

2.4, Cell Culture and Exposure Experiments

HUVECs and human monocytic-leukemia cells (THP-1) were all
purchased from the American type culture collection (ATCC). They
were cultured in RPMI-1640 medium (C11875500BT, Gibco,
GrandIsland, USA) supplemented with 10% FBS (FSPS00, ExCell
Bio, Suzhou, China). Cells were cultured at 37 °C and 5% CO, in an
incubator. PFOS and OBS were dissolved in dimethyl sulfoxide
(DMSO). Cells were treated with DMSO (0.1%), PFOS (0.01 to 200
pumol/L) or a diluted w/v OBS (0.01 to 100 yumol/L) for 24 or 48 h.

2.5. Cell Viability and LDH Release Assays

Cell viability and lactate dehydrogenase (LDH) release were measured
using the 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumro-
mide (MTT) kit (KGA9301, KeyGEN BioTECH, Nanjing, China) and
LDH Release Assay Kit (C0016, Beyotime, Shanghai, China),
respectively. Briefly, HUVECs were seeded in 96-well plates (5000
cells per well), followed by exposure to different concentrations of
PFOS or OBS for 24 or 48 h, and then the absorbance value was
measured at 490 nm using a microplate reader (SpectraMa, Silicon
Valley, USA).

2.6. Cell Adhesion Assay between HUVECs and THP-1 Cells

HUVECs were seeded in 6-well plates (9 X 10* cells per well) and
exposed to PFOS or OBS for 48 h. THP-1 cells were labeled with
BCECF-AM (S1006, Beyotime, China) and incubated for 30 min, and
then § X 10° THP-1 cells per well were added into 6-well plates to
coculture for 1 h with HUVECs. Nonadhered cells were rinsed using
phosphate buffer saline (PBS) and the number of adherent cells were
observed and recorded at an excitation wavelength of 488 nm/535 nm
on a fluorescence microscope (Nikon, Tokyo, Japan). The number of
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Environ. Health 2025, 3, 526—538


https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00206/suppl_file/eh4c00206_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00206/suppl_file/eh4c00206_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00206/suppl_file/eh4c00206_si_001.pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

A
DAPI

- - - -

VE-cadherin

Merge

-

Fold change

0.4 mg/L
PFOS g
f
@
s
x
L
<
z
4 mg/L 3
PFOS 2
s S & R
] & N
€ & “s ,& R
‘PFOS ©OBS
c
0.4 mg/L 215 Icam1
OBS ¢
o
X 1.0
<
z
['4
E 05
o
2
4 mg/L 3 0
x 28
OBS °\<° & & 6\@’@&”
M NN
D PFOS OBS
16 l11b Tnf
5 § 4 . § 15-
@ @ a
g g . g
s a 3 s
3 4 3 3 10
< g < <
2 -
o 27 o o 57
2 2 11 2
e , e €, [*1
v T T T v T T T T be
S NV NV N N > NV NV NV N \V \\/ \\« \\/
€ &SSO € OSSO SO
& & & f S I SR A o«‘ s e
SRR A AR A A (RN
E "PFOS OBS PFOS OBS "PFOS ~ OBS
§1.5- Tjp1 § 2.0 Cldn1 § 15 Ocln 515 Cx43
g g g 8
S S 1.5 g s
%1.04 H 5 1.0 %1.0-
< ~ < < <
4 Z 1.0 4 z
: : ; :
0.5 0.5 0.54
2 2 0.5 > s
s s K K]
2, g, g . 2,
v I T T 1 v v T T T
NN o‘ \v \v \\« S & S & & &
yF &S RO MR OO
& R & & & & & &S & & F S
& > o o & [N N A & o M e
PFOS oBS PFOS oBS PFOS oBS PFOS oBS

Figure 2. Effects of PFOS and OBS on vascular endothelium in the aorta of ApoE ™~ mice. (A,B) Fluorescent images (A) and quantitative analysis (B)
of VE-cadherin protein expression in aortic tissues of mice at 12 weeks after PFOS or OBS exposure. (C—E) Relative expression levels of cell adhesion
molecules (C), inflammatory factors (D) and cell junction genes (E) determined using RT-qPCR in aortic tissues of mice at 12 weeks after PFOS or

OBS exposure (n = 4). *P < 0.05, **P < 0.01. Scale bar: 100 ym.

adherent THP-1 cells (indicated by green dots) were counted in at least
three randomly selected areas.

2.7. Cell Permeability and Gap Junction Assay

Cell permeability was evaluated by measuring apical-basolateral
movements of FITC-dextran (40 kDa) (FD4, Sigma-Aldrich, St.
Louis, MO, USA). Briefly, HUVECs were seeded in the insets of 24-
well plates (1 X 10° cells per well), and reached 100% confluence. After
cells were treated for 48 h, 2 mg/L FITC-dextran was added to inserts
and cells were incubated for 2 h in the dark at 37 °C. Culture medium
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was collected from the upper and lower chambers at the end of the
reaction, respectively. The fluorescence values were measured and
recorded using a microplate reader at an excitation wavelength of 490
nm/520 nm. The permeability index was decided by comparing the
FITC-dextran of the tracer between the upper chamber and the lower
chamber.

Gap junction was evaluated by scrape loading assay using 0.05%
lucifer yellow (L0144, Sigma-Aldrich). After cells were treated for 48 h,
scratches were inflicted with a sterile scalpel and rinsed with PBS. Cells

https://doi.org/10.1021/envhealth.4c00206
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were coincubated with lucifer yellow at 37 °C in the dark for 10 min.
The fluorescence images were observed and photographed using a
fluorescence microscope at an excitation wavelength of 470 nm/505
nm. The activity of the gap junction was quantified by measuring the
maximum distance from the scratch line to the lucifer yellow leading
edge.

2.8. Statistical Analysis

Data were presented as mean + standard deviation (SD) derived from a
minimum of three independent experiments. Statistical analyses were
performed using GraphPad Prism 8.0.1 software (San Diego, CA,
USA). For data adhering to a normal distribution, Student’s ¢ tests were
employed for pairwise group comparisons, while one-way analysis of
variance (ANOVA) was utilized for assessments involving multiple
groups. In cases where the data did not follow a normal distribution,
Kruskal—Wallis nonparametric tests were applied to assess differences
between the PFOS/OBS-exposed groups and control. Statistical
significance was set at *P < 0.05 and **P < 0.01.

3. RESULTS

3.1. The Distinct Effects of PFOS and OBS on Atherogenesis
in ApoE~"~ Mice

Dyslipidemia, a pivotal factor in the development of AS, is
characterized by high levels of TG, TC and LDL-C, along with
low levels of HDL-C. Therefore, we examined not only the
changes in body weight and food intake during the exposure
period but also assessed the lipid profiles of TG, TC, LDL-C and
HDL-C in ApoE ™/~ mice after different durations of exposure to
PFOS and OBS. A discernible reduction in body weight was
observed in mice exposed to PFOS and OBS for up to 9 weeks
(Figure S1A and S1B). A noticeable reduction in food intake was
recorded at the 11th and 12th weeks following exposure to
PFOS and OBS. (Figure S1C). Strikingly, exposure to OBS, but
not PFOS, led to a pronounced increase in TG and LDL-C levels
after 6 weeks, as compared to the control group (Figure 1B and
1E). Furthermore, TC and LDL-C levels were markedly higher
at 8 weeks after OBS exposure, showing an approximate 2-fold
increase relative to those observed following PFOS exposure
(Figure 1C and 1E). HDL-C levels were significantly elevated at
both 6 and 8 weeks after OBS exposure, in contrast to the
negligible changes observed after PFOS exposure when
compared to the control group (Figure 1D). These results
suggest that OBS causes dyslipidemia at an earlier stage
compared to that of PFOS.

It is well-known that ApoA-I and ApoB are protein
biomarkers of AS, which are the main apolipoproteins of HDL
and LDL, respectively. We conducted molecular docking
experiments and found that both PFOS and OBS bind to either
ApoA-I or ApoB. OBS and PFOS are capable of forming
hydrogen bonds and halogen bonds with ApoA-I, respectively
(Figure S2A and S2B). The combined stability of OBS and
ApoA-I exceeds that of PFOS and ApoA-I, with binding energies
of —6.2 and —6.0 kcal/mol, respectively. Importantly, the
distances of these hydrogen and halogen bonds are all less than
3.5 A. Furthermore, both OBS and PFOS can form hydrogen
bonds with ApoB (Figure S2C and $2D). The combined
stability of OBS and ApoB surpasses that of PFOS and ApoB,
showing that their binding energies are —6.2 and —5.8 kcal/mo],
respectively. ApoA-I interacts with cholesterol transporter
proteins, facilitating the efflux of cholesterol and thus preventing
plaque formation. Collectively, these findings imply that the
binding of OBS and PFOS to apolipoproteins could potentially
influence cholesterol transport, thereby contributing to the
development of AS.
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Further, we analyzed the concentration and accumulation of
OBS and PFOS in the blood and aorta of ApoE ™'~ mice at the 12
weeks postexposure. The plasma concentration of OBS was
found to be 0.22 mg/L (approximately 0.3 ymol/L) in the 0.4
mg/L exposure group and 4.39 mg/L (approximately 7 ymol/
L) in the 4 mg/L exposure group, respectively. Correspondingly,
the plasma concentration of PFOS was 5.41 mg/L (approx-
imately 10 ymol/L) in the 0.4 mg/L exposure group and 44.8
mg/L (approximately 90 pmol/L) in the 4 mg/L exposure
group (Figure 1F). The plasma concentration of OBS was nearly
equivalent to the initial exposure concentration, whereas the
PFOS levels were approximately 10-fold higher than the
exposure concentration, indicating a greater propensity for
PFOS to accumulate in the bloodstream compared to OBS. In
MALDI-MSI analysis, OBS was not detected in the aorta of the
exposed mice (Figure S3). In contrast, a significant enrichment
of PFOS was observed in the aortas of mice, with increased
intensity in both the 0.4 mg/L group and the 4 mg/L group
(Figure 1G). We infer that this disparity may stem from the
higher blood concentration of PFOS relative to OBS, leading to
its accumulation in the aortic tissue.

3.2. PFOS and OBS Exposure Causes Endothelium Injury in
the Aorta of ApoE~~ Mice

Endothelium injury is a pivotal event in the pathogenesis of AS.
To assess the integrity of the vascular endothelium in the aorta,
we examined the biomarkers that are indicative of endothelium
injury. Immunofluorescent staining results showed that
exposure to 4 mg/L PFOS or OBS led to a significant reduction
in the cellular distribution of VE-cadherin along the cell
membranes at intercellular junctions (Figure 2A). We also
observed that VE-cadherin expression levels were significantly
down-regulated in the aorta following exposure to 4 mg/L of
either OBS or PFOS (Figure 2B). Regarding the expression of
vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1), we observed a significant
upregulation of Vcam1 in the 4 mg/L of OBS group, while Icam1
was notably downregulated in the 0.4 mg/L of OBS group.
Interestingly, PFOS did not exert any influence on the mRNA
expression levels of Vcaml and Icaml1 (Figure 2C). We further
performed Immunohistochemical analysis in aortic tissues of
mice to assess alterations in the protein expression levels of
VCAM-1 and ICAM-1, and obtained similar results with RT-
qPCR results (Figure S4). In terms of inflammatory factors,
mRNA levels of interleukin-6 (1l6) and interleukin-1/ (Il1b)
were significantly upregulated in response to 4 mg/L of OBS
exposure. Conversely, there was a noticeable trend of an increase
in Il6 and a clear upregulation of I11b in the 4 mg/L PFOS group.
The mRNA expression of tumor necrosis factor-a (Tnf) was
significantly upregulated in the aorta after either PFOS or OBS
exposure (Figure 2D). As for proteins associated with cell
junctions, 0.4 mg/L of OBS significantly reduced zonula
occluden-1(Tjpl) mRNA expression, and 4 mg/L of OBS
considerably decreased Claudin-1 (Cldn1) mRNA expression in
the aorta. The mRNA expression of Occludin-1 (Ocln) was
significantly downregulated in the aorta after either PFOS or
OBS exposure, while connexin43 (Cx43) exhibited a decreasing
trend after exposure to OBS (Figure 2E).

3.3. The Distinct Effects of PFOS and OBS on Endothelial
Cytotoxicity in HUVECs
It is known that vascular endothelial dysfunction plays a critical

role in the development and progression of AS. Therefore, we
explored the impacts of PFOS and OBS on endothelial
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Figure 3. Effects of exposure to OBS on endothelial cytotoxicity and gene expression profile in HUVECs. (A-D) Cells were exposed to PFOS or an
OBS for 24 and 48 h, followed by cell viability (A and B) and LDH release assays (C and D). (E) Volcano plots showed the changes in mRNA
expression levels after cells were exposed to 20 pmol/L OBS for 48 h. (F) GO analysis of significantly upregulated genes was shown. (G) KEGG
analysis of significantly upregulated genes was shown. n = 3, *P < 0.05, **P < 0.01.

cytotoxicity in HUVECs. The results showed that 200 gmol/L
PFOS caused a significant reduction in cell viability (Figure 3A).
In contrast, OBS significantly decreased cell viability in a dose-
dependent manner, and 10 pgmol/L of OBS exerted a
pronounced inhibitory effect on cell viability (Figure 3B) at
24 and 48 h postexposure. Consequently, we selected a
concentration range of 0.1 to 20 pmol/L for further
experimental analysis. Consistent with the cell viability out-
comes, PFOS (0.1—20 umol/L) did not influence LDH release.
However, the use of aqueous OBS (10 and 20 ymol/L) led to a
significant increase in LDH release at 24 h after exposure (Figure
3C). The release of LDH was significantly increased after 48 h of
exposure to 20 umol/L of OBS or PFOS. Notably, the LDH
release induced by OBS was approximately 3-fold that induced
by PFOS (Figure 3D).

To further investigate the molecular mechanism underlying
the cytotoxic effects of OBS in vascular endothelial cells, we
analyzed mRNA expression profile in HUVECs. We examined

531

the alterations in mRNA expression following a 48 h exposure to
20 pmol/L of OBS. In comparison to the control group, there
were 685 differentially expressed genes, including 150 down-
regulated genes and 535 upregulated genes in the OBS-exposed
group (Figure 3E). Gene Ontology (GO) analysis highlighted
that the upregulated genes were significantly enriched in 46
biological processes, among which the top two processes are
related to cell adhesion (Figure 3F). These upregulated genes
are likely to exert their functions via the NF-«B signaling
pathway (Table. S1). Conversely, the downregulated genes were
significantly enriched in 23 biological processes, several of which
are linked to GO terms related to mitochondrial function
(Figure SSA). Further, KEGG enrichment analyses demon-
strated that the upregulated genes were significantly enriched in
16 signaling pathways including the MAPK signaling pathway
(Figure 3G). Meanwhile, the downregulated genes were
significantly enriched in 14 signaling pathways including pS3
signaling pathway and TNF-a signaling pathway (Figure SSB).
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Figure 4. Impacts of PFOS and OBS on cell adhesion and inflammation in HUVECs. (A and B) Cell adhesion of THP-1 cells labeled with BCCF-AM
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< 0.01. Scale bar: 100 ym.

These findings provide valuable insights into the molecular

pathways that may be targeted by the OBS, potentially leading to

endothelial dysfunction and cytotoxicity.

To explore the potential relationship between the exposure of

a patient to OBS and human diseases, we first utilized the

Comparative Toxicogenomic Database to identify 10 categories

of human diseases associated with the exposure of a patient to

OBS exposure. Based on the inference scores, we ranked these

relevant diseases, including cardiovascular disease, cancer,

diseases of nutrition and metabolism, respiratory disease and
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so on (Figure S6). Subsequently, to pinpoint the most probable
cardiovascular diseases, we employed NextBio software for a
more detailed prediction. Among the cardiovascular diseases,
coronary arteriosclerosis emerged as the top disease with the
highest score, indicating a strong association with OBS exposure
(Table. S2).

3.4. The Distinct Effects of PFOS and OBS on Cell Adhesion
and Inflammation in HUVECs

Cell adhesion between HUVECs and monocyte cells is one of
the manifestations of endothelial cell injury and is thought as a
major driver of AS. HUVECs were exposed to PFOS (0.1—20
umol/L) or OBS (0.1-20 pmol/L) for 48 h, and followed by
coculture with THP-1 monocyte cells. The results showed that
both PFOS (10 gmol/L and 20 gmol/L) and OBS (1, 10, and
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20 umol/L) increased the number of THP-1 cells adhering to
HUVECs (Figure 4A and 4B). Notably, the OBS significantly
increased the number of adhesive cells in a dose-dependent
manner. Western blot analysis revealed that the protein
expression levels of ICAM-1 and VCAM-1 were significantly
elevated when exposure to 20 ymol/L PFOS or OBS (Figure 4C
and 4D). We found that OBS from 1 gmol/L to 20 umol/L
remarkably increased the protein expression levels of ICAM-1
(Figure 4D).

To investigate the impacts of PFOS and OBS on
inflammatory factors and the NF-kB pathway in HUVECs, we
performed Western blot analysis. The results demonstrated that
exposure to 20 umol/L of either PFOS or OBS led to a
significant upregulation in the protein expression levels of TNF-
@, IL-6 and IL-1p (Figure 4E and 4F). Specifically, 10 gmol/L
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PFOS, but not OBS, was found to significantly enhance the
protein expression level of TNF-a. Conversely, 1 ymol/L of
OBS, but not PFOS, induced a significant increase in the protein
expression level of IL-14. Additionally, the expression levels of
the phospho-IkBa (Ser32) were significantly upregulated by
both PFOS (10 and 20 pmol/L) and OBS (20 umol/L).
However, no significant alterations were observed in the protein
expression of total IkBa following exposure to either PFOS or
OBS (Figure S7A and S7B).

3.5. The Distinct Effects of PFOS and OBS on Cell
Permeability and Cell Junctions in HUVECs

Increase in endothelial cell permeability caused by the
disruption of cell junctions is one of the important
manifestations of endothelial dysfunction. HUVECs were
exposed to PFOS (0.1-20 pgmol/L) or OBS (0.1—20 ymol/
L) for 48 b, followed by the determination of cell permeability
and cell junctions. The results showed that PFOS had no effects
on endothelial permeability and the gap junction. In contrast,
OBS significantly increased endothelial permeability (Figure
SA), and diminished gap junction function in a dose-dependent
manner (Figure SB). Western blot analysis showed that protein
expression levels of ZO-1, VE-cadherin, Occludin-1, Claudin-1
and Cx43 were significantly downregulated when exposed to
OBS (Figure SD), whereas 20 gmol/L PFOS only reduced the
protein expression of Claudin-1 (Figure SC).

It is reported that the activation of MAPK/ERK signaling
pathway can increase cell permeability by downregulation of cell
junction proteins such as ZO-1, occludins, and claudins.*® In this
study, KEGG enrichment analyses demonstrated that the
upregulated genes were significantly enriched in the MAPK
signaling pathway (Figure 3G). Therefore, we focused on
MAPK signaling pathway to explore the potential mechanisms
affecting cell permeability. We examined phospho-ERK and
ERK protein expression levels after OBS and PFOS exposure in
HUVECs. The results showed that OBS significantly led to the
increase in the expression levels of phospho-ERK (Figure S8),
indicating the activation of MAPK/ERK signaling pathway. We
also observed the downregulation of cell junction proteins,
including ZO-1, occluding-1, and claudin-1 in the OBS-exposed
cells (Figure SD). However, we did not detect the expression
alterations in phospho-ERK and cell junction proteins in PFOS-
exposed HUVECs.

4. DISCUSSION

PFOS is recognized as a hazardous chemical closely associated
with cardiovascular diseases. With the prohibition of PFOS, its
alternative, OBS, is increasingly being detected in the environ-
ment and human blood with great concern about health risks. In
the present study, we examined the comparative effects of PFOS
and its substitute, OBS, on endothelial dysfunction and
atherogenesis by in vivo and in vitro experiments. We obtained
key findings: OBS induced dyslipidemia earlier than PFOS did
during atherogenesis. OBS had a lower enrichment capacity in
blood and aorta compared to PFOS but caused more significant
vascular endothelium injury at lower concentrations. OBS
exhibited higher endothelial cytotoxicity and promoted
monocyte-endothelial cell adhesion at concentrations lower
than those of PFOS. OBS, not PFOS, disrupted cell junctions
and increased permeability in HUVECs via the MAPK/ERK
signaling pathway. These findings reveal that the presence of
OBS is more likely to contribute to AS compared to PFOS,
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indicating the potential health risks of the presence of OBS in
cardiovascular diseases.

Abnormal lipid metabolism is an important cause of AS
plaque formation, and dyslipidemia is often recognized in the
early stages of AS. Genetic deletion of ApoE in mice results in
increased levels of plasma cholesterol, leading to hyper-
cholesterolemia. ApoE™'~ mice are extensively used in AS
research due to their ability to model hypercholesterolemia, AS
development, and the interplay between inflammation and
lipoprotein metabolism, which are all critical aspects of
cardiovascular disease research.’ In this study, we established
an AS model in ApoE™/~ mice that shows a significant increase
in TG, TC, and LDL-C levels and an obvious decrease in HDL
levels compared to wild-type mice (data not shown). We found
that both PFOS and OBS resulted in the remarkable increase in
TG, TC, and LDL-C levels in ApoE_/ ~ mice. We noted a
marked elevation in LDL-C concentration in the OBS group
compared to the PFOS group at week 6 under identical exposure
conditions. At week 8, the levels of both LDL-C and TC were
significantly higher in the OBS group than in the PFOS group
(Figure S9A and S9B). OBS caused d}fslipidemia earlier than
PFOS during atherogenesis in ApoE™ ™ mice, indicating that
OBS may have a more rapid and potent effect on lipid
metabolism disruption and the initiation of AS processes
compared to PFOS.

Apolipoprotein is one of the plasma lipoproteins that can bind
and transport blood lipids to various tissues of the body for
metabolism and utilization, which can affect the occurrence and
development of AS.”” ApoA- is one of the main components of
HDL, which is responsible for collection and transport of
cholesterol from tissues and vessel walls back to the liver,
participating in the reverse transport of cholesterol in the
body.*” We found here that both PFOS and OBS can bind to
ApoA-], and the binding stability of the OBS is slightly higher
than that of the PFOS, which might contribute to the increase in
TG levels in PFOS/OBS exposed mice and elevated HDL-C
levels in OBS-exposed mice (Figure 1). ApoB is the main
building blocks of LDL, which clears the remnants of lipid
metabolism through endocytosis mediated by LDL receptor
(LDLR) on the surface of liver cells.*" Interestingly, the binding
sites of PFOS and OBS with ApoB are located at the LDLR
position and may impede the degradation of LDL to increase
plasma LDL concentrations. Epidemiological investigations
reports revealed a remarkable positive association between
PFOS concentrations and LDL levels in the blood.*” These
findings indicate that PFOS and OBS may influence cholesterol
transport and disrupt the normal degradation process of LDL,
thereby raising the risk of cardiovascular diseases.

A number of studies demonstrate that PFOS and OBS have a
variety of toxicities. In comparison of toxicity between PFOS
and OBS, PFOS exhibits more potent toxic effects than OBS,
including aquatic toxicity, development toxicity, neurotoxicity,
liver toxicity.*”'®*»*! PFOS can bind with PPARy to induce
liver metabolic disorders and disrupt the lipid metabolism
balance. OBS cannot bind with PPARy, but affect lipid gene and
amino acid, so that interfere liver metabolic balance.”* They
have hepatotoxicity, but OBS has a greater cytotoxicity than
PFOS in HepG2 cells. PFOS (300—400 umol/L) slightly
inhibits the cell viability and disrupts the cell membrane in
HepG2 cells. OBS (from 80 pmol/L) obviously inhibits cell
growth and induces lipid accumulation in HepG2 cells.” In the
present study, OBS caused more significant vascular endothe-
lium injury in mice and exhibited higher endothelial cytotoxicity
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in HUVECs than in PFOS (Figures 1—3). At equivalent
concentration, OBS caused a pronounced reduction in cell
viability and a significant increase in LDH release in comparison
to PFOS, indicating that the endothelial cytotoxicity of OBS in
HUVECs was significantly higher than that of PFOS (Figure
S9C and S9D). Particularly, the presence of OBS, not PFOS,
disrupted cell junctions and increased endothelial permeability
in the in vivo and in vitro experiments (Figure 5). Our findings
suggest that PFOS and OBS have endothelial toxicity, but OBS
has greater cytotoxicity than PFOS in HUVEC:.

Both PFOS and OBS are capable of bioaccumulating within
organisms through multiple pathways, but PFOS exhibits a more
potent ability to accumulate compared to OBS. After 21 days of
exposure to 1 gmol/L OBS or PFOS, the concentration of PFOS
in zebrafish liver was approximately S-fold higher than that of
OBS, suggesting that PFOS might be more readily enriched
compared to OBS."” The Bioconcentration Factor (BCF) for
PFOS is notably higher, due to its powerful binding affinity to
specific proteins compared to OBS.***” In studies involving
zebrafish larvae, the uptake rate constants for OBS were
comparable to those of PFOS, but the elimination rate constants
for OBS were significantly higher than those of PFOS.* In the
present study, ApoE_/ ~ mice were exposed to equivalent
concentrations of PFOS and OBS, yet the enrichment of OBS
in the blood and aorta of mice was substantially lower than that
of PFOS after 12 weeks of exposure (Figure 1), which might be
attributed to the difference in the elimination rates between
PFOS and OBS within the body. In addition, we detected that
the plasma concentration of OBS was 0.22 mg/L (approximately
0.3 umol/L) in the 0.4 mg/L group and 4.39 mg/L
(approximately 7 umol/L) in the 4 mg/L group, respectively.
The concentration of OBS in plasma was detected to be close to
the initial exposure concentration of OBS. The concentration of
0.4 mg/L PFOS was 5.41 mg/L (approximately 10 gmol/L) in
plasma at 12 weeks after exposure in mice. The concentration of
PFOS in plasma was approximately 10 times as high as the
exposure concentration, suggesting that PFOS might more
readily enriched in the blood in comparison to OBS, which
results in the accumulation of PFOS in the aorta and thus the
spatial distribution of PFOS in the mouse aorta was detected
easier than OBS.

Endothelial dysfunction is considered a key early step in the
development of AS. It plays a crucial role in the initiation and
progression of AS through various mechanisms that include
promoting the expression of adhesion molecules, increasing
chemokine secretion, augmenting leukocyte adhesion, and
enhancing low-density lipoprotein oxidation.”> VCAM-1 and
ICAM-1 are important cell adhesion molecules, which
contribute to mediating leukocyte migration and endothelial
cell adhesion during inflammation.*® The protein expression of
VCAM-1 and inflammatory factors (IL-6, IL-13 and TNF-a)
were upregulated when ApoE~~ mice or HUVECs were
exposed to PFOS or OBS (Figures 2 and 4). No significant
disparities were observed in the expression levels of cell adhesion
molecules and inflammation factors between 20 gmol/L PFOS
group and 20 pumol/L OBS group (Figure S9E). We found that
ICAM-1 was upregulated in HUVECs exposed to PFOS or OBS,
but not in animal experiments. The discrepancies observed
between in vitro and in vivo studies could stem from the varying
levels of PFOS and OBS present in HUVECs and within the
aortic tissues of mice. It is reported that 200 umol/L PFOS
significantly promoted cell adhesion between THP-1 monocytes
and HUVECs,”* whereas our results showed that 10 gmol/L
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PFOS and 1 pmol/L OBS promoted cell adhesion between
THP-1 monocytes and HUVECs (Figure 4A and 4B). The NF-
kB signaling pathway serves as a central regulatory hub for
inflammatory gene expression. Phosphorylated IkBar (p-IkBar)
triggers the release and activation of NF-kB, which in turn,
enhances the transcription of inflammatory mediators.*”” Our
findings revealed that exposure to both PFOS and OBS led to an
increase in the expression of p-IkBa, suggesting that activation of
the NF-xkB signaling pathway plays a role in positively
modulating inflammatory responses and enhancing cell
adhesion. Additionally, research drawing from the National
Health and Nutrition Examination Survey (NHANES)
identified IL-6, IL-18 and TNF-a as key genes in the
inflammatory response triggered by PFASs.”” Notably, PEOS
demonstrated a significant positive correlation with inflamma-
tion-related proteins, potentially contributing to the develop-
ment of coronary artery disease, particularly in postmenopausal
women.”'

An increase in endothelial permeability is one of important
characteristics for endothelial injury, providing a necessary
condition for LDL to pass through the endothelial barrier in AS
progression.26 Previous studies indicated that exposure to 12.5
pumol/L PFOS did not affect cell permeability in human brain
microvascular endothelial cells (HBMECs), whereas 50 gmol/L
PFOS led to a reduction in permeability and disrupted the
blood-brain barrier.’> Another study reported that cell
permeability was significantly enhanced by 5 ymol/L PFOS in
human microvascular endothelial cells.® In our study, we
observed that OBS, at concentrations ranging from 1 to 20
pumol/L, significantly increased endothelial cell permeability,
while PFOS does not impact cell permeability in HUVECs.
These findings suggest that OBS has a distinct effect on vascular
endothelial permeability compared to PFOS. OBS may have a
more pronounced impact on vascular integrity and could
potentially lead to vascular injury or dysfunction. The
differential response to PFOS and OBS highlights the
importance of considering the specific chemical properties and
concentrations of PFASs when assessing their effects on
endothelial cell function and vascular health.

Cell junctions serve as the primary mechanism to prevent
“leakage” of the endothelial barrier, primarily achieved through
adhesion junctions, gap junctions, and tight junctions.”® VE-
cadherin is a strictly endothelial-specific adhesive molecule
located at the adhesion junctions. Reduction in VE-cadherin
mediates the increase in cell permeability and the passage of
leukocytes across the endothelial barrier.”® In this study, we
observed that 4 mg/L PFOS and OBS reduced expression levels
of VE-cadherin in vivo experiments, implying that PFOS and
OBS disrupted the integrity of vascular endothelium. However,
VE-cadherin was significantly downregulated when exposure to
10 and 20 ymol/L OBS rather than PFOS in HUVECs (Figures
5 and S9F). Among the 21 types of gap junction proteins, Cx43
is the widest distribution protein in the human body, which is
essential in the regulation of endothelial cell permeability.”> We
observed a decreasing trend of Cx43 in mouse aorta and
downregulation of Cx43 in HUVECs after OBS exposure
(Figures 2 and S). OBS diminished gap junction function in
HUVECs (Figure 5). However, we confirmed that PFOS did not
affect Cx43 expression in in vivo and in vitro experiments. The
tight junctions are mainly comprised of transmembrane proteins
such as Occludin and Claudin, and cytoplasmic proteins such as
occludins, namely ZO-1-3. Occludin is able to close the
paracellular pathway, involved in maintaining and regulating the

https://doi.org/10.1021/envhealth.4c00206
Environ. Health 2025, 3, 526—538


pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

barrier function.*® Claudin can form paracellular “pores,” which
can selectively regulate the passage of substances, especially
ions.”” ZO-1 can link transmembrane proteins to form
complexes, maintaining the barrier function.” Previous studies
found that protein expression of occludin-1 and claudin-5 were
significantly downregulated by exposure to 20 ymol/L PFOS in
HBMECs.>” Our results demonstrated that OBS significantly
downregulated ZO-1, Occulin-1 and Claudin-1 in ApoE™'~
mice and HUVECs. In contrast, PFOS decreased only
Claudin-1 protein expression in HUVECs and downregulated
the expression of Occulin-1 in ApoE™~ mice (Figures 2 and 5),
which may be due to the difference in exposure concentrations
and exposure time.

It is reported that the activation of MAPK/ERK signaling
pathway can increase cell permeability by downregulation of cell
junction proteins such as ZO-1, occludins, and claudins.”
MAPK signaling is achieved through phosphorylation cascade,
in which ERK is one of the important kinases in the process.”” It
has been found that lipopolysaccharide can activate ERK to
downregulate claudin-5, occludin, and ZO-1, thereby increasing
human lung microvascular permeability.”” Furthermore, H,O,-
induced activation of Phospholipase C resulted in activation of
ERK1/2 and increased paracellular permeability by down-
regulation of occludin, ZO-1, and ZO-2.%° 15(S)-Hydroxyeico-
satetraenoic Acid Partly can cause ZO-1 phosphorylation via
PKC activation of MEK1-ERK1/2, leading to dissociation of
ZO-1 from occludin and disruption of vascular endothelial
barrier function.®’ In this study, KEGG enrichment analyses
demonstrated that the upregulated genes were significantly
enriched in MAPK signaling pathway (Figure 3G). OBS
significantly led to the increase in the expression levels of
phospho-ERK, indicating the activation of MAPK/ERK signal-
ing pathway. We also observed the downregulation of cell
junction proteins, including ZO-1, occluding-1, and claudin-1 in
OBS-exposed cells. However, PFOS did not activate the
MAPK/ERK signaling pathway in the HUVECs. These findings
indicate that the vascular injury induced by OBS influences the
integrity of adhesion junctions, gap junctions, and tight
junctions by activating the MAPK/ERK signaling pathway,
which results in increased permeability of HUVECs and,
consequently, vascular injury. In contrast, PFOS at equivalent
concentrations did not induce vascular injury, suggesting a
differential impact on vascular endothelial function.

5. CONCLUSION

In this study, we found that both PFOS and its substitute, OBS,
induce endothelial dysfunction to promote atherogenesis. PFOS
exhibited a greater propensity for enrichment in the bloodstream
and accumulation in the aorta of mice in comparison to OBS.
Notably, OBS induced dyslipidemia at an early stage of AS and
caused more significant endothelial injury in ApoE™~ mice than
PFOS. OBS was significantly higher than that of PFOS in
HUVECs. Importantly, the OBS, rather than PFOS, disrupted
cell junctions, leading to increased endothelial permeability
through the activation of the MAPK/ERK signaling pathway.
These findings suggest that OBS has greater health risks than
PFOS in AS, providing valuable insights for further assessment
of its safety as a PFOS substitute, particularly in relation to
cardiovascular diseases.
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