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ROS-responsive simvastatin nano-prodrug 2
based on tertiary amine-oxide zwitterionic
polymer for atherosclerotic therapy
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Abstract

Atherosclerosis (AS) is a major cause of cardiovascular disease and is characterized by high levels of reactive oxygen
species (ROS) and lipid deposition. This study utilized ROS-responsive oxalate bonds to conjugate simvastatin (SV)
and tertiary amine-oxide zwitterionic polymer (OPDH), resulting in the design of a ROS-responsive simvastatin
nano-prodrug (OPDH-SV). In vitro experiments have proved that OPDH-SV has excellent stability and low toxicity,
can effectively reduce intracellular ROS and lipid levels, and inhibit foam cells formation. In addition, OPDH-SV is
able to achieve cell-to-cell transmission through the cell’s "endocytosis-efflux” mechanism and target mitochondria.
In vivo experiments further confirmed the long-term circulation, targeted enrichment, and reduction of ROS and
lipid levels of OPDH-SV in vivo. In summary, OPDH-SV has good biosafety and excellent in vivo therapeutic effect,
and is expected to become a new type of anti-atherosclerotic nano-prodrug.
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Introduction

AS is a chronic inflammatory cardiovascular disease
characterized by the deposition of lipids, immune cells,
and fibrous elements within the artery walls to form
plaques, leading to narrowing and hardening of blood
vessels and producing high concentrations of ROS [1].
The “China Cardiovascular Health and Disease Report
2023” reveals that the number of cardiovascular disease
patients caused by AS has reached 330 million, with a
57.39% increase in mortality rate compared to last year,
imposing an economic burden of up to 165.2 billion on
the country [2, 3]. Reducing the incidence of cardiovascu-
lar diseases has become an urgent issue to be addressed.
At present, the clinical treatment of AS is mainly based
on drug therapy with statins being the first-line clini-
cal drugs. They can not only regulate blood lipids and
reduce cholesterol and triacylglycerol levels by inhibiting
HMG-CoA reductase [4, 5], but also have antioxidant,
anti-inflammatory, improve endothelial function and
antithrombotic effects. These multifaceted actions help
to delay plaque progression and prevent the occurrence

of cardiovascular diseases [6, 7]. However, there are some
challenges in the clinical application of statins, such as
large toxic side effects (muscle damage, hepatotoxicity,
type 2 diabetes), which limit the drug dose [8—10]. Poor
water solubility, which affects drug absorption and dis-
tribution. Rapid renal clearance, which results in a short
duration of action. These factors limit their efficacy and
systemic bioavailability [11-13].

The emerging interdisciplinary field of nanomedicine
offers an innovative approach for the targeted delivery
of small molecule drugs against AS [12, 14]. Nano-pro-
drug is an inactive drug conjugate that can be converted
into an active pharmaceutical ingredient (API) in vivo
[15], which has the characteristics of reducing drug tox-
icity, increasing drug lesion enrichment and improving
pharmacokinetics, and has become a frontier research
hotspot [16, 17]. The design of ROS-sensitive nano-pro-
drugs and the use of overexpressed ROS in the AS envi-
ronment as the trigger for the release of active drugs. This
approach enables efficient enrichment of active drugs
in lesion sites without drug activity in non-lesion sites,
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thereby reducing drug toxicity and side effects [18—21].
In addition, zwitterionic polymers, as nano-prodrug car-
rier materials, have become a research hotspot in recent
years due to their excellent hydrophilicity, anti-protein
adsorption properties and long-term circulation in vivo
[22-24]. Shen’s team found that the zwitterionic polymer
OPDEA, which contains a tertiary amine nitrogen oxygen
structure (N*-O7-), can be used as a zwitterionic nano-
drug delivery platform [25]. The N*-O~ structure can
reversibly adhere to erythrocytes to achieve long-term
blood circulation. Additionally, it triggers transcytosis of
endothelial cells, facilitating efficient intracellular deliv-
ery through transcellular transport and enhancing the
enrichment of drugs at lesion sites [26—28]. N*-O™- novel
zwitterionic polymers have great potential in the design
of nanodrug carriers, which can help overcome the short-
comings of traditional zwitterionic nano-prodrugs that
cannot trigger cell transcytosis [29], and provide a new
strategy for the treatment of atherosclerosis and other
diseases.

In this study, a ROS-responsive simvastatin nano-pro-
drug with active transcytosis (OPDH-SV) was designed
for atherosclerotic therapy. The N*-O7- zwitterionic
polymer Poly [2-(N-oxide-N, N-diethylamino) ethyl
methacrylate-hydroxyethyl methacrylate] (OPDH) was
synthesized via aggregation using ATRP technology. Sub-
sequently, simvastatin (SV) and OPDH were conjugated
through a ROS-responsive oxalate ester bond to form
the self-assembled simvastatin nano-prodrug OPDH-SV.
As shown in Scheme 1, the drug delivery system can not
only achieve high enrichment at the plaque site through
active transcytosis characteristics, but also maintain drug
inertia in healthy sites, and specifically release the active
drug ingredient simvastatin at the plaque site to exert
antioxidant and lipid-lowering effects, which designs
a “double insurance” to reduce drug toxicity and side
effects, and greatly improves the antithrombotic efficacy,
providing new ideas for atherosclerotic treatment.

Results and discussion

Preparation and characterization of OPDH polymer
prodrug modification OPDH-SV

First, PDH was synthesized by ATRP between DEA
and HEMA, and then PDH was oxidized by H,O, to
form OPDH amphoteric ion. The oxalate ester link-
age and OPDH were covalently coupled to the simvas-
tatin hydroxy lactone ring to obtain simvastatin prodrug
OPDH-OC-SV. The synthesis pathway of OPDH-OC-SV
was illustrated in Fig. S1. PDH, OPDH, and OPDH-OC-
SV were successfully prepared by "H NMR spectroscopy
and FT-IR spectroscopy. In 'H NMR spectra, the position
peak of methylene (e) next to the N-O bond of OPDH
changed from 2.57 ppm to 3.30 ppm, and the position
peak of methyl group (f) near to N-O bond changed from
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1.04 ppm to 1.26 ppm (Fig. S2a and S2b) and the SV char-
acteristic peaks of OPDH-OC-SV were 5.37 ppm, 5.52
ppm and 5.82 ppm (Fig. S2c and S2d). According to the
FT-IR spectra, OPDH showed the characteristic struc-
ture N-O absorption peak in zwitterion at 2810 cm™!
(Fig. S3). All of the above results confirmed the successful
synthesis of PDH, OPDH, OPDH-OC-SV.

Amphiphilic OPDH-OC-SV was used to form ROS-
responsive simvastatin nano-prodrug OPDH-SV with
active transcytosis through self-assembly. As shown in
Fig. S4, the UV-Vis absorption spectrum of SV changes
at 238 nm after preparation of OPDH-OC-SV and
OPDH-SV. Further indicates the successful synthesis of
OPDH-OC-SV and OPDH-SV. The size, Zeta potential,
encapsulation efficiency, and drug loading of the nano-
prodrug were investigated by changing the molar ratio
of the hydrophilic and phobic ends (npg:nyppa) (Table
S1 and Fig. 1a). The results showed that the optimal drug
loading (28.30+1.31%) was obtained under the con-
dition of the molar ratio of OPDH-SV was 3:1, and the
particle size was small (118.96+3.36 nm), and the Zeta
potential was —4.61+0.87 mV, so the OPDH-SV with a
molar ratio of 3:1 was used in subsequent experiments.
As shown in Fig. 1b, the OPDH-SV nano-prodrug has a
uniform spherical structure, and the measured particle
size is smaller than that determined by DLS due to the
hydrophilic shell shrinkage of the nano-prodrug during
TEM preparation. The long-term stability of OPDH-SV
in PBS solution containing 10% fetal bovine serum (FBS)
was further investigated by DLS, and it was found that
the particle size and Zeta potential of OPDH-SV did
not change significantly within 14 days, indicating that
the stability of OPDH-SV was satisfactory when mim-
icking the blood environment (Fig. 1c and d). In addi-
tion, OPDH-SV exhibits charge reversal characteristics
at different pH values: 41.5 mV at pH=5 and -5.5 mV
at near-neutral pH=7 (Fig. le). The change in charge
from positive to negative is due to the state variation of
N-oxide groups on the OPDH surface at different pH val-
ues. They are non-ionic at neutral pH, but undergo pro-
tonation and exhibit cationic characteristics at acidic pH
[29]. The charge reversal characteristic enables OPDH-
SV to enhance endocytosis, prolong blood circulation
time, and improve the enrichment degree of drugs in the
lesion site under the condition of lesion microenviron-
ment (pH=>5.8). This characteristic makes OPDH-SV a
potential application advantage in different physiological
environments.

ROS-responsive drug release

In the course of atherosclerotic lesions, the inflammatory
response within the plaque causes the local microen-
vironment to become acidic, accompanied by an excess
of ROS. This specific pathological microenvironment
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Fig. 1 (a) Particle size map of OPDH-SV; (b) TEM plot of OPDH-SV, scale bar =100 nm; (c) Particle size and (d) Zeta potential stability of OPDH-SV in PBS
solution of 10% fetal bovine serum (FBS) within 14 days; (e) Zeta potential of OPDH and OPDH-SV at different pH conditions; (f) Cumulative release of
simvastatin at different H,0, concentrations. Data are presented as mean+SD (n=3)

provides an ideal trigger for the design of responsive =~ However, hydroxyl substitution on the lactone ring may
nanodrug carriers. The active form of simvastatin is its  hinder the hydrolysis process, affecting the activity of the
B-hydroxy acid form, which is formed by hydrolysis of the  drug [30]. To solve this problem, we used a ROS-sensi-
B-hydroxy lactone ring in its prodrug form in vivo [15].  tive chemical bond, the oxalate ester bond, to link the
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hydroxyl group on simvastatin to form OPDH-OC-SV. In
our study, the OPDH-SV nano-prodrug was able to spe-
cifically cleave and release simvastatin in environments
with high ROS concentrations (Fig. S5), such as athero-
sclerotic plaques. By high-performance liquid chroma-
tography (HPLC) analysis, we measured the amount of
simvastatin released by OPDH-SV over time at different
concentrations of hydrogen peroxide. The results showed
that the peak location of the released drug was consistent
with that of simvastatin, and the release of simvastatin
increased with the increase of hydrogen peroxide con-
centration and duration of action, which was reflected in
the increase in the characteristic peak area of simvastatin
in the HPLC profile (Fig. S6a and S6b). In addition, we
established the SV curvature by UV spectrophotometry
(Fig. S6¢) and analyzed the drug release curves of simv-
astatin in OPDH-SV at different H,O, concentrations. In
the absence of H,0,, simvastatin in OPDH-SV is released
at an extremely slow rate, reaching only 15.8% within
72 h. However, when co-incubated with 1 mM H,0, for
72 h, simvastatin release increased to 35.2%. More signifi-
cantly, simvastatin release was significantly increased to
74.2% after 72 h of incubation with 10 mM H,0O, (Fig. 1f).
These results suggest that with the increase of H,0, con-
centration, the nano-prodrug structure of OPDH-SV suf-
fers more severe damage, thereby accelerating the release
of simvastatin. There was a significant concentration
dependence between the release rate of simvastatin and
the concentration of H,O,. In summary, our results con-
firm that OPDH-SV, as a ROS-responsive prodrug car-
rier, can effectively release simvastatin in the presence of
ROS, providing a potential targeted drug delivery strat-
egy for the treatment of atherosclerosis.

Cytotoxicity

Cytotoxicity is an important indicator to assess the safety
of a drug. Zwitterionic polymers are neutral, excep-
tional superhydrophilicity, and have low protein-cell
interactions, resulting in slower cellular internaliza-
tion and lower cytotoxicity [31]. As shown in Fig. 2a,
OPDH-SV exhibited low cytotoxicity after 24 h incuba-
tion in HUVEC and RAW 264.7 cells, with cell viabil-
ity remaining at approximately 80% in the OPDH and
OPDH-SV treated groups at concentrations up to 64 pg/
mL, compared to 55% after treatment with the same con-
centration of free SV. The results showed that nano-pro-
drug could effectively reduce cytotoxicity and improve
biocompatibility.

Macrophage cells uptake

Macrophages play a key role in the development of ath-
erosclerosis [32], and their uptake of nanodrugs is one of
the necessary conditions to affect the therapeutic effect
[33]. We used inverted fluorescence microscopy and flow
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cytometry to investigate the uptake of nano-pharma-
ceuticals by macrophages. The red fluorescence of Nile
Red (NR)-labelled OPDH-SV (OPDH-SN) was evident
in macrophage cells (RAW 264.7) after incubation with
the cells for different times, and gradually increased with
the longer the incubation time. Fairly high fluorescence
intensities were observed even after 0.5 h of incubation,
suggesting that RAW 264.7 cells were able to endocy-
tose OPDH-SN rapidly and in a time-dependent manner
(Fig. 2b). In contrast, free NR was poorly water-soluble
and RAW 264.7 cells had lower uptake (Fig. S7a). OPDH-
SN was confirmed by flow cytometry and fluorescence
intensity quantification to be more easily absorbed by
cells than free NR (Fig. 2c and d, Fig. S7b and S7c). In
addition, we investigated the uptake of RAW 264.7 cells
by different concentrations of OPDH-SN. Both inverted
fluorescence microscopy and flow cytometry analysis
showed that the uptake of OPDH-SN by RAW 264.7 cells
was concentration-dependent (Fig. 2e-g).

In vitro study of the endocytic mechanism of OPDH-SN by
HUVEC cells

Different endocytic inhibitors were used to study the
endocytic mechanism of OPDH-SN in HUVEC cells.
B-CD is a caveolin-mediated endocytosis inhibitor and
CCD is a macropinocytosis inhibitor, both of which sig-
nificantly reduce OPDH-SN uptake by HUVEC cells,
while Sucrose is a clathrin-dependent endocytosis inhibi-
tor with no significant effect on cellular uptake of OPDH-
SN (Fig. S8b and S8d). These results demonstrate that
OPDH-SN entry into HUVEC cells is achieved through
macropinocytosis and caveolin-mediated endocytosis
pathways. In contrast, the endocytosis of NR was inhib-
ited only by f-CD, while the other two inhibitors did not
exhibit significant inhibitory effects, suggesting that NR
is dependent on the caveolin-mediated endocytic path-
way internalized by HUVEC cells (Fig. S8a and S8c).

Ability to target mitochondria

Since AS is associated with mitochondrial dysfunc-
tion, targeting mitochondria can reduce inflammation
and oxidative stress, thereby slowing the progression
of atherosclerosis [34]. Mitochondrial localization was
performed using Mito-Tracker Green to evaluate the
mitochondrial targeting ability of nano-prodrugs. As
shown in Fig. 3a, the yellow fluorescence of OPDH-SN
was strong after entering RAW 264.7 cells, indicating
that there were more overlapping regions of red fluores-
cence and green fluorescence, confirming that OPDH-SN
can target mitochondria in RAW 264.7 cells. To further
analyze the mitochondrial localization of OPDH-SN in
cells, we performed fluorescence scans on two randomly
plotted linear paths in RAW 264.7 cells, as shown in
Fig. 3b-d, the NR signal was highly consistent with the
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Fig. 3 (a) CLSM was used to observe the colocalization of OPDH-SN (red) and mitochondria (green) after incubation with RAW 264.7 cells for 4 h, blue
indicates nucleus, yellow is the overlap of red and green fluorescence, scale bar =10 pm, 4 um; (b) CLSM was used to observe the distribution of OPDH-SN
in RAW 264.7 cells, scale bar =20 um; (c) Fluorescence analysis of b1; (d) Fluorescence analysis of b2; (e) PCC analysis results obtained by Image J software

after analysis and processing of CLSM images

peak of the Mito-Tracker Green signal on the scan line,
which strongly supported the mitochondrial targeting
of OPDH-SN nano-prodrugs. Pearson correlation coef-
ficient (PCC) analysis was also performed on confo-
cal (CLSM) images. The purpose of this analysis was to
detect the correlation of the value range within —-1~1,
where 0 indicates no significant correlation, and -1 and

1 represent strong negative and positive correlations,
respectively. A good overlap of the two channels should
appear as a linear distribution of scatterplots, and the
PCC value should be close to 1 [35]. As shown in Fig. 3e,
the PCC coefficient was 0.84, a positive value indicating a
positive correlation between the green and red channels,
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further indicating that OPDH-SN was distributed within
the mitochondria of RAW 264.7 cells.

ROS clearance performance

ROS has important biological functions in living organ-
isms, and oxidative stress caused by excess reactive oxy-
gen species has become one of the key mechanisms in the
development of atherosclerosis. Excessive accumulation
of ROS in atherosclerosis increases the production of oxi-
dized low-density lipoprotein (ox-LDL), which stimulates
plaque formation [36, 37]. Therefore, we used inverted
fluorescence microscopy to study the regulation of ROS
levels in inflammatory cells by OPDH-SV, and the inten-
sity of the green fluorescence signal was derived from the
DCFH-DA fluorescent probe to indicate ROS levels. As
shown in Fig. 4a and b, the production of ROS in RAW
264.7 cells induced by LPS was significantly increased,
but the fluorescence intensity decreased significantly
after co-incubation with the same concentration of free
SV and OPDH-SV with pretreated RAW 264.7 cells for
4 h. In particular, green fluorescence was almost not
observed in OPDH-SV treated cells, and in the absence
of SV loading, OPDH had little inhibitory effect on ROS
production. This suggests that the antioxidant properties
of SV are a key factor. Further quantitative analysis by
flow cytometry confirmed the effective clearance of ROS
by OPDH-SV (Fig. 4c).

Transcellular transmission of OPDH-SN

We validated the transcytosis of OPDH based on the
“endocytosis-efflux” mechanism through cross-cell deliv-
ery experiments. As shown in Fig. 4d and S9a, after co-
incubation with different concentrations of OPDH-SN
with HUVEC and RAW 264.7 cells for 5 h, significant
red fluorescence was observed in the 17 dish by inverted
fluorescence microscopy, indicating that a large amount
of OPDH-SN was taken up by the cells. Subsequently, the
medium in the 1% dish was replaced with fresh medium
and continued to incubate for 12 h, and the results
showed that the intracellular fluorescence signal in the
1* dish was significantly weakened, indicating that part
of the OPDH-SN was excreted by the cells. After then
incubating the medium collected in the 1* dish with the
cells in the 2* dish for 12 h, a strong fluorescent signal
appeared in the cells in the 2% dish, which proved that the
cells in the 1% dish released OPDH-SN into the medium
through efflux and thus were taken up by the cells in the
2% dish. Similarly, the red fluorescent signal of OPDH-SN
was also observed in 3% cells, indicating that 2* cells can
be taken up by cells in 3 dishes by transcytosis after they
are effluxed into the medium by transcytosis. Moreover,
with an increase in the concentration of OPDH-SN, there
is enhanced cellular internalization and excretion, result-
ing in a stronger fluorescence intensity (Fig. 4e and f, Fig.
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S9b and S9c). The results showed that OPDH-SN could
continuously carry out intracellular endocytosis and
extracellular efflux, and realize active transcytosis and
transcellular transmission between cells. This intercellu-
lar transmission enables drugs to efficiently accumulate
at the AS lesion site, enhancing the therapeutic effect.

Anti-atherosclerotic formation

ox-LDL is converted into foam cells by macrophage
excessive uptake, and foam cell formation is a key patho-
logical feature in areas of atherosclerotic lesions [38]. As
shown in Fig. 4g, compared to the control group with-
out ox-LDL, the ox-LDL group produced a large number
of foam cells, and the OPDH group without SV loading
had no effect on foam cell formation, whilst free SV and
OPDH-SV significantly reduced foam cell formation. The
results showed that OPDH-SV significantly inhibited
the uptake of ox-LDL and the formation of foam cells
by RAW 264.7 cells. We further investigated the inhibi-
tory effect of RAW 264.7 on foam cell formation after
OPDH-SV stimulation. As shown in Fig. S10, the num-
ber of foam cells formed by RAW 264.7 after SV and
OPDH-SV stimulation was significantly lower than that
in the ox-LDL group, and the number of foam cells in the
OPDH-SV group was lower than that in the SV group. In
summary, OPDH-SV can significantly inhibit the forma-
tion of foam cells and has great potential in anti-athero-
sclerotic therapy.

Pharmacokinetics of OPDH-SV

Pharmacokinetics is a judging criterion to reflect the cir-
culation time of nanodrugs in vivo, which can be used
to confirm whether OPDH-SV has long-acting circulat-
ing properties in vivo. After rats were injected with SV
or OPDH-SV via the tail vein, blood samples were col-
lected at regular intervals and SV concentrations were
quantified using HPLC. As shown in Fig. 5a and Table S2,
free SV was rapidly cleared from the blood after tail vein
administration with a half-life of 1.59 h and an area under
the curve (AUC,__) of 21.22 pg mL~'h~}, compared to a
significantly longer blood circulation time of OPDH-SV
with a half-life of 21.06 h and an area under the curve
(AUC,_..) of 408.19 pug mL™'h'. The superior pharma-
cokinetics of OPDH-SV may be attributed to the proper-
ties of zwitterionic OPDH, which does not easily bind to
proteins, whilst at the same time achieving a “free-rider”
effect through the binding of red blood cell surfaces [39,
40].

Targeted effects and in vivo therapy of OPDH-SV

We established an atherosclerosis model by feed-
ing ApoE™~ mice with a high-fat diet, and studied the
accumulation of OPDH-SV at the site of atheroscle-
rotic lesions. As shown in the ex vivo imaging results in
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Fig. 5 (a) Pharmacokinetic profiles of SV and OPDH-SV at a dose of 15 mg/kg; In vitro images (b) and corresponding fluorescence intensities (c) of small
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treatment time chart; Representative images of aortic arch stained with oil red O (ORO) staining in mice after different drug treatments (e) and quantita-
tive analysis of ORO in corresponding plaques (f); CLSM image (g) and corresponding DCF fluorescence quantitative analysis plot (h) of aortic arch sec-
tion of atherosclerotic mice, scale bar =200 um. Data are expressed as mean+SD (n=3), *p<0.05, **p <0.01, and ***p <0.001

Fig. 5b, the target enrichment efficiency of OPDH-SN
nano-prodrug in atherosclerotic lesions was better than
that of free NR, and the fluorescence signal was more sig-
nificant after 12 h of injection than at 4 h. Fluorescence
quantification further confirmed that the accumulation
of OPDH-SN in the aortic arch was superior to that of
free NR (Fig. 5c). The significant plaque accumulation of

OPDH-SN may be the result of the combined effect of its
active transcytosis and long-acting circulation in vivo.
We also observed the accumulation of OPDH-SN and
free NR in the heart, liver, spleen, lungs, and kidneys (Fig.
S11) and found that both had the highest accumulation in
the liver, but at the same time, the enrichment in the liver
in the OPDH-SN group was lower than that in the NR
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group, which in reverse confirmed that the enrichment
of OPDH-SN in the aortic arch was higher than that in
NR. This excellent targeting efficiency will significantly
improve the therapeutic efficacy of atherosclerosis. We
then assessed the degree of penetration of FITC-labelled
nano-prodrug (OPDH-SV-FITC) in aortic arch plaques
and specifically labelled vascular endothelial cells using
the CD31 antibody (red). As shown in Fig. S12, the fluo-
rescence intensity of OPDH-SV-FITC (green) is higher
than that of free FITC. Indicates that OPDH-SV-FITC
can penetrate deep into AS plaques. Quantitative analysis
showed that the penetration depth of OPDH-SV-FITC in
atherosclerotic plaques was 1.73 times higher than that
of free FITC. In summary, the above results fully indi-
cate that OPDH-SV can penetrate deeply at the site of AS
lesions.

In the fourth week, drug treatment was administered to
ApoE~’~ mice with atherosclerosis via tail vein injection,
as shown in Fig. 5d. At the end of the treatment cycle,
Dissect the aorta of the mouse and perform a longitudi-
nal incision to expose the endothelial lining of the blood
vessel, followed by ORO staining, and the percentage of
plaque area in the blood vessels is quantified (Fig. 5e and
f). The degree of atherosclerosis was reduced in the SV
treatment group compared to the saline group, however,
due to the high enrichment of OPDH-SV at the thrombus
site, the OPDH-SV group showed a more significant ath-
erosclerotic treatment effect, with a nearly 1-fold reduc-
tion in plaque area. To further assess the ability of SV
to consume ROS, aortic arch sections were stained with
DCFH-DA. Since DCFH-DA can be oxidized to DCF by
ROS, and the fluorescence intensity of DCF is positively
correlated with ROS content, the level of ROS in the
aortic arch was qualitatively and quantitatively detected
by the detection of DCF fluorescence. The stronger the
green fluorescence, the higher the level of ROS. As shown
in Fig. 5g and h, the OPDH-SV group had the lowest ROS
level, and there was a significant difference compared
with the SV group, indicating that the OPDH-SV group
had the strongest antioxidant effect. These experimental
results are consistent with the results of ROS clearance
and inhibition of foam cell formation in cell experiments,
which further confirm the excellent performance of
OPDH-SV in reducing oxidative stress and lipid lowering
in atherosclerotic plaques.

To further investigate the therapeutic effect of OPDH-
SV nano-prodrug on atherosclerosis, aortic arch sections
were stained using immunomics to assess plaque col-
lagen, matrix metalloproteinase 9 (MMP-9), a-smooth
muscle actin (a-SMA) levels, and smooth muscle cell
(VSMC) sequencing (Fig. 6). The results of H&E stain-
ing showed that in the saline group, the aortic wall was
thickened, the VSMC arrangement was disordered, and
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the original structure was lost, whilst the intima was
smooth and the vascular structure was restored after SV
and OPDH-SV treatment. During the development of
atherosclerosis, VSMCs proliferate in early plaques and
collagen production increases, resulting in an enlarge-
ment of the plaque area and further narrowing of the
lumen of the blood vessels [34]. Masson three-colour
staining showed that there was a large amount of colla-
gen (blue) penetration in the plaques of mice in the saline
group, whilst the collagen content in the plaques of the
other treatment groups gradually decreased. Immunos-
taining with a-SMA antibody showed that the number of
VSMC (dark brown) in the plaques of OPDH-SV-treated
mice was significantly reduced, indicating that OPDH-SV
could inhibit the luminal stenosis caused by VSMC pro-
liferation. In addition, staining with MMP-9 antibody,
OPDH-SV treatment significantly reduced the expres-
sion level of MMP-9 (dark blue) compared to the control
group, indicating increased plaque stability. In summary,
OPDH-SV has a positive therapeutic effect on athero-
sclerosis in ApoE™'~ mice, which can improve vascular
structure, thereby effectively inhibiting the continuous
expansion of plaque.

In vivo safety evaluation of OPDH-SV

While evaluating the targeting and therapeutic effects
of OPDH-SV, the potential toxicity and side effects of
OPDH-SV were evaluated in vivo. During the treatment
period, there was no significant difference in body weight
between the OPDH-SV treated group and the other
groups (Fig. S13a), which preliminarily indicates the
biosafety of OPDH-SV application. After the treatment,
blood and organs were collected and blood lipids, liver
and kidney function, and the degree of necrosis of organ
tissues were measured. As shown in Fig. S13b-d, the total
cholesterol (TC) and low-density lipoprotein (LDL) levels
of the SV treatment group were reduced, and the OPDH-
SV group showed lower TC and LDL levels, whilst there
was no significant difference in the levels of high-density
lipoprotein (HDL) among all groups. These results sug-
gest that OPDH-SV retains the lipid-lowering function
of SV, which helps to reduce lipid deposition in AS and
inhibit plaque development. The results of biochemical
analysis showed that compared with the control group,
there was no significant change in the liver and kidney
function related indices in the OPDH-SV group, indicat-
ing that OPDH-SV did not damage the liver and kidney
function of mice (Fig. SS14). In addition, H&E staining
showed that there was no significant tissue necrosis or
morphological changes in the OPDH-SV group com-
pared with the control group (Fig. S15). These results
confirm that OPDH-SV may be a promising safe and effi-
cient anti-AS nano-prodrug treatment strategy.
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Fig. 6 Histological analysis of aortic arch sections from atherosclerotic mice after different drug treatments. Representative photographs of aortic arch
sections stained with H&E staining, Masson staining, MMP-9 antibody staining, and a-SMA antibody staining, scale bar =200 um

Conclusion

In summary, we have successfully prepared a novel zwit-
terionic nano-prodrug OPDH-SV with active transcyto-
sis, long-acting circulation in vivo, and plaque-targeting
for atherosclerotic therapy. In the environment of high
ROS concentration at the lesion site, it can trigger the
breaking of the oxalate bond in OPDH-SV, thereby
releasing simvastatin, which exerts its antioxidant, hypo-
lipidemic and foam cell formation effects. In the ApoE ™'~
mouse model, OPDH-SV demonstrated significant
therapeutic efficacy and good in vivo safety, while effec-
tively reducing the cytotoxicity of the drug and achieving
long-term circulation in vivo. More importantly, OPDH-
SV can achieve high enrichment of atherosclerotic
plaques through the “endocytosis-efflux” mechanism,
which plays an excellent therapeutic role. Therefore,
OPDH-SV is expected to be a potential excellent drug
candidate in the field of atherosclerotic therapy.
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