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Introduction: Extracellular protein nanoparticles (PNs) and ions perform synergistical functions in the control of transmembrane
osmotic pressure (OP) under isotonic conditions. Intravenous injection may disrupt the ion balance and alter PN levels in blood
plasma, changing transmembrane OP and damaging vascular endothelial cells.

Methods: Na ions were injected into Angll-induced HUVECs to simulate cell injury in vitro, and tail vein infusion of Na ions into
hypertensive rats was performed to assess vascular damage. Optical measurements using an intermediate filament (IF) tension probe
were conducted to detect indicators related to transmembrane OP. Immunofluorescence, Western blotting and small interfering RNA
(siRNA) transfection were employed to investigate inflammasomes and the relationship between Abl2 and inflammation.

Results: Electrolyte injections with sodium ions (but not glucose and hydroxyethyl starch) induced the production of ASC and
NLRP3 inflammasomes in Ang Il-induced HUVECsS; this in turn resulted in the disorder of calcium signals, and changes in
transmembrane OP and cell permeability. Moreover, injection of Na ions into Ang II-induced HUVECs activated the mechanosensi-
tive protein Abl2, involved in inflammation-induced transmembrane OP changes. A drug combination was identified that could induce
OP recovery and block hyperpermeability induced by cytoplasmic inflammatory corpuscles in vivo and in vitro.

Conclusion: Changes in extracellular PNs and ions following chemical stimuli (Ang II) participate in the regulation of transmem-
brane OP. Furthermore, injection of Na ions causes vascular endothelial injury in Ang II-induced cells in vifro and hypertension rats
in vivo, suggesting it is not safe for hypertensive patients, and we propose a new drug combination as a solution.

Keywords: Na ion injection, vimentin tension probe, protein-nanoparticles, transmembrane OP, Ang Il-induced vascular endothelial

injury, Abl2

Introduction

Intravenous infusion is a common treatment method in which drugs are intravenously injected into the bloodstream
through blood vessels, resulting in a direct impact on the plasma environment.! At present, the commonly used
intravenous injections can be divided into three categories according to the drug composition: electrolyte injections
(eg, sodium chloride injection and sodium bicarbonate injection), nutrition injections (eg, glucose injection, compound
amino acid injection, and fat emulsion injection), and colloid injections (eg, hydroxyethyl starch 40 sodium chloride
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injection and dextran injection).? According to the Van’t Hoff theory, commonly used intravenous injections have the
same osmotic potential as vascular cells and are considered isotonic solutions, so intravenous injections are considered to
be usually safe.>*

However, in clinical treatment, colloidal osmotic pressure (OP) formed by plasma protein is generally believed to be
extremely important and cannot be equated with ionic OP.>® Recent studies have found that protein nanoparticles (PNs)
generated by the depolymerization of the cytoskeleton or the activation of inflammasome can induce the enhancement of
intracellular ion OP via a change in the membrane potential and can contribute to cytopathic effects, indicating that PNs have
a crucial effect on transmembrane OP of live cells.”® Furthermore, changes in extracellular PNs and ion components can
synergistically induce cytoplasmic OP alteration.” Studies have also shown that changes in physiological albumin, Ca**, and
K" contents can result in intracellular PN production, driving further increases in cytoplasmic PN and ion content.” In addition,
extracellular albumins and intracellular PNs collaboratively contribute to electrochemical changes and the resultant ion
rearrangement across membranes, further affecting transmembrane OP.'® Therefore, the transmembrane OP in live cells may
be regulated during intravenous infusion by controlling extracellular PN content and ion composition, potentially resulting in
endothelial cell damage, but the underlying mechanisms are not completely clear.

Some other factors were also found to be involved in the regulation of transmembrane OP in live cells.'""'? Previous
studies reported that inhibition of the SUR1-TRPM4 channel can significantly downregulate the intracellular OP increase
induced by angiotensin II (Ang II), associated closely with activation of the voltage-gated calcium channel (VGCC) and
elevated calcium ions.'*'* Furthermore, Ang II is a typical stimulator of endothelial cell damage, indicating that
chemical stimuli could alter transmembrane OP in the case of hypertension.'>'® Moreover, Abelson tyrosine-protein
kinase 2 protein (Abl2) is involved in NF-«kB signaling and NOD-like receptor thermal protein domain associated protein
3 (NLRP3) inflammasome activation, contributing to oxidative stress, inflammation, and vascular leakage in vascular
endothelial cells.'”'® Moreover, Abl2, as a mechanosensitive protein, can directly bind to F-actin via its ABD domain
and then pull on cell membranes and microfilaments after the application of extracellular mechanical stimuli.'®*
Therefore, we speculate that Abl2 might also participate in the regulation of transmembrane OP.
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The purpose of this study is to investigate the effect of intravenous injections on transmembrane OP changes and
vascular endothelial cell lesion. In order to propose new research topics and potential methods for the safety evaluation of
intravenous injections, we attempted to explore whether factors such as angiotensin II stimuli (chemical signals), tension
receptor activation, and opening of ion channels can influence transmembrane OP and the structure and function of
vascular endothelial cells.

Materials and Methods

Reagents

Ang II and N-acetylcysteine (NAC), which is a reactive oxygen species (ROS) inhibitor, were purchased from Yuanye
Biotechnology (Shanghai, China). Further, 0.9% NaCl injection was purchased from Otsuka Pharmaceutical (Guangdong,
China). The compound sodium chloride injection was purchased from Huiyingbi Group East Asia Pharmaceutical (Jiangxi,
China). In addition, the 5% sodium bicarbonate injection was purchased from Kangyuan Pharmaceutical (Hunan, China),
and the 5% glucose injection was purchased from Otsuka Pharmaceutical (Dalian, China). The hydroxyethyl starch 40
sodium chloride (HS40SC) injection was purchased from Fresenius Kabi Pharmaceutical (Beijing, China), and Beyotime
Biotechnology (Shanghai, China) provided 4',6-diamidino-2-phenylindole (DAPI). MCC950 and niclosamide were pur-
chased from Selleck (Texas, USA). Heparin, Z-VAD-FMK, and 2-APB were purchased from MedChemExpress (New
Jersey, USA). Jasplakinolide (JK) and Taxol (TAX) were purchased from TargetMol Chemicals Inc. (Massachusetts, USA),
and nifedipine, glyburide, and tranilast were purchased from Macklin (Shanghai, China).

Endo-Free Plasmid Mini Kits were from Omega Bio-Tek (Norcross, USA). The Nitric Oxide Assay Kit was purchased
from Beyotime Biotechnology (Shanghai, China). The Cell counting KIT-8 was purchased from Dojindo (Kyushu Island,
Japan). The Super ECL Detection Reagent Kit was purchased from Yeasen Biotech Co, Ltd. (Shanghai, China).

Rabbit anti-NLRP3 antibodies were obtained from Aff-biotech (Liyang, China). Mouse anti-apoptosis-associated speck-
like (ASC) antibodies and Rabbit anti-GAPDH antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). B-actin and o-tubulin antibodies were from Boster (Wuhan, China). Abl2 antibodies were from Proteintech
(Chicago, USA). Fluorescein isothiocyanate (FITC)-Phalloidin was purchased from Solarbio (Beijing, China). Further,
horseradish peroxidase (HRP)-labeled anti-rabbit, fluorescein isothiocyanate (FITC)-goat anti-mouse IgG (H+L), and
fluorescein isothiocyanate (FITC)-goat anti-rabbit IgG (H+L) antibodies were purchased from Zsgb-Bio (Beijing, China).

Cell Culture Analysis

Human umbilical vein endothelial cells (HUVECs) were purchased from the ATCC Cell Bank. HUVECs were cultured in
Dulbecco’s Modified Eagle’s Medium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS) (Gibco,
Grand Island, NY, USA), 100 ug/mL penicillin, and 100 pg/mL streptomycin. Cells were grown in 5% CO, in a humidified
atmosphere at 37 °C. After growing to 80% confluence in cell culture bottles, the cells were used for experiments. For the
experiment, HUVECs were starved for 6 h and then cocultured with Ang II (10 umol/L, model) and drugs (inhibitor or
activator) for 12 h for the detection of various indexes. Specifically, 0.9% NaCl, compound NaCl, 5% NaHCO;, 5%
Glucose, and HS40SC injections were each mixed with the plasma-mimicking medium in a ratio of 1:9 (v/v) to simulate
intravenous infusion into the human body, and the effect on Ang II-induced hypertensive HUVECs was monitored.

Establishment of Animal Models

Male hypertension Spragu-Dawley rats (170-190 g, 7-8 weeks old) were purchased from Shanghai Sippe-Bk Lab
Animal Co Ltd. (Shanghai, China; SCXK(Hu) 2018-0006). The rats were placed in colony cages and had free access to
food and water. The light/dark cycle was for 12 h, and the temperature was maintained at 21 + 2 °C. Animal welfare and
experimental procedures complied with the Provisions and General Recommendations of the Chinese Experimental
Animals Administration Legislation. The animal experiment protocol was approved by the Experimental Animal Ethical
Committee of Nanjing University of Chinese Medicine, China (permit No. SCXK (Hu) 2018-0006). The animals were
acclimated to the laboratory conditions for at least 7 days before use in the experiments.
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The heart rate and diastolic and systolic blood pressure of the hypertensive rats were determined before conducting the first
experiment. Next, 2 mL of 0.9% NaCl, compound NaCl, and 5% NaHCO; were separately injected into the tail vein four times
a day, with an injection rate of 2 mL/min. The drug combination was combined with the following related inhibitor and
activator to treat vascular injury: (1) heparin (0.5 mg/mL), a competitive antagonist of inositol triphosphate (IP;) receptors,
similar to 2-APB; (2) nifedipine (30 umol/L), an inhibitor of L-type VGCC; (3) glyburide (10 umol/L), a SUR1-TRPM4
channel inhibitor; (4) niclosamide (1 umol/L), an inhibitor of the calcium ion-sensitive chloride ion channel TMEM16F; (5)
tranilast (50 pmol/L), an effective inhibitor of inflammasomes; and (6) NAC (50 umol/L), a commonly used antioxidant. The
effective drug concentrations used were as per previous reports.'>*'>* Furthermore, heart rate and diastolic and systolic blood
pressure were detected after 2 weeks of treatment, and tissues were eventually collected for analysis of various indices.

Measurement of Transendothelial Electrical Resistance in HUVECs

The transendothelial electrical resistance (TEER) of HUVECs was determined by using the EVOM method.?* HUVECs
were treated with 10 pmol/L Ang II and an inhibitor or activator, and the TEER value (Q-cm?®) of HUVECs was
determined over 24 h. Further, the ratio of the TEER value at 12 h to that at 0 h was calculated.

Measurement of Cytoplasmic OP and Count Rate of Protein Particles

The cell culture medium, osmotic solution HEPES, and trypsin solution were all calibrated to 300 + 10 Osm/kg.
HUVECs were cultivated in 100 mm dishes. When the cell density reached >95%, the cells were stimulated with
drugs for a certain duration. The cells were then digested and suspended in the HEPES isosmotic solution and transferred
to 1.5 mL microcentrifuge tubes. Centrifugation (13,000xg, 5 min, 4 °C), ultrasonication (75% amplitude, 5 times, 5 s;
Sonics and Materials, Connecticut, CT, USA), and another round of centrifugation (13,000xg, 10 min, 4 °C) were
performed. Then, 50 pL of the supernatant solution (cytoplasm) was placed in 0.5 mL test tubes. Before use, the
Osmomat 3000 freezing-point osmometer and 050 Membrane Osmometer (Gonotec, Berlin, Germany) were calibrated
three times. The cytoplasmic OP was then measured. The concentration of cytoplasmic nanoparticles in terms of
kilocycles per second (Kcps) was detected using a Nanosight NS300 (Malvern Instruments, Malvern, UK).

Measurement of Intracellular Calcium, Sodium, and Chloride lons

Enhanced N-[ethoxycarbonylmethyl]-6-methoxy-quinolinium bromide (MQAE; Beyotime, China), Fura-2 AM
(Molecular Probes, Abcam, Cambridge, MA, USA), and NaTrium Green-2 AM (ENG; Shanxi, China) were used to
detect intracellular chloride, calcium, and sodium ion concentrations, respectively. Cells were grown adhesively in
confocal dishes, and experiments were conducted when the cell density was 50%—70%. HUVECs were incubated with 5
uM MQAE for 30 min at 37 °C and washed 5 times with Krebs-HEPES buffer. The cells were incubated with 2 uM Fura-
2 AM for 30 min at 37 °C and then treated with Hanks’ balanced salt solution (HBSS), before being incubated for
another 30 min. HUVECs were incubated with 4 uM ENG-AM for 30 min at 37 °C, then treated with DMEM containing
1% FBS, and incubated for another 30 min. The fluorescence intensity was detected using a THUNDER Imaging
Systems fluorescence microscope (Leica), and images were obtained every 60s. The normalized values of fluorescence
intensity for MQAE (FO/Ft), Fura-2 AM (Ft/F0), and ENG (Ft/F0) were calculated based on the ion fluorescence just
after (Ft) or before (FO) stimulation for 15 min, respectively.

Immunofluorescence Assay (IF)

Cells were seeded in 90 mm dishes. When the cells had grown to 70-80% confluence, the medium was removed and
cells were treated with different drugs for a certain duration. Cells were then fixed using 4% paraformaldehyde for 30
min. Then, 2% Triton-100 was applied for permeabilization, and the cells were incubated with primary antibodies for 12
h at 4 °C. Washing with phosphate-buffered saline (PBS) was followed by the addition of goat anti-mouse-FITC
secondary antibody (1:200 dilution), goat anti-mouse IgG (whole molecule)-tetramethylrhodamine isothiocyanate
(TRITC) secondary antibody (1:200 dilution), and FITC-phalloidin. This was then followed by incubation for 2 h at
25 °C in the dark. Finally, 4',6-diamidino-2-phenylindole (DAPI) was added to stain the cell nuclei. Fluorescent cells
were observed under a confocal laser scanning microscope (SP5; Leica, Wetzlar, Germany).
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ROS Production Analysis

HUVECs were grown in the 24-well plates (2—4 x 10° cells/well), then HUVECs were treated with 10 umol/L Ang II and
the related inhibitor or activator for 12 h. The intracellular ROS generation was determined by measuring the oxidative
conversion of cell-permeable DCFH-DA (10 umol/L) to fluorescent dichlorofluorescein. The fluorescence was detected
by a microplate reader (Thermo Varioskan LUX, MA, USA) at an excitation wavelength of 488 nm and an emission
wavelength of 525 nm.

Western Blot

Cells were lysed using the radioimmunoprecipitation assay (RIPA) lysis buffer. Total proteins were extracted, and the
protein concentrations were analyzed using a bicinchoninic acid (BCA) detection kit (Beyotime, Shanghai, China).
Protein samples were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked using 5% non-fat milk for 2 h and then incubated with specific primary antibodies overnight at
4 °C. After incubation with specific secondary antibodies for 2 h, the immunoreactive protein bands were visualized
using the enhanced chemiluminescent (ECL) chromogenic substrate and quantified by densitometry (Quantity One; Bio-
Rad, Hercules, CA, USA). Actin or Tubulin was used as a negative control.

H&E Staining and Immunohistochemistry (IHC) Assay

The removed vascular tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5-pm-thick sections. For
histopathological assay, the sections were stained with hematoxylin and eosin (H&E) stain to observe pathological changes.
The immunohistochemistry assay was performed as described previously.>> The vascular tissue sections were deparaffinized,
and 3% H,0, was used to block endogenous peroxidases. The sections were incubated in 10% normal goat serum for 60 min
at room temperature. Goat anti-rabbit ASC or NLRP3 polyclonal antibody (1:100 dilution) was then added to the sections, and
incubation was performed overnight at 4 °C. Subsequently, HRP-conjugated secondary antibodies were applied at room
temperature for 1 h. Following incubation with DAPI for 10 min, images were obtained under a microscope (DMi8; Leica).

Evans Blue Staining

The hypertensive rats were treated with different injections in the tail vein for 2 weeks, and then 0.5% Evans blue (EB)
dye was injected into the tail vein. When the eyes and skin of the rats were blue, the kidney tissue and heart tissue of the
rats were taken out for homogenization. The supernatant was centrifuged at 4 °C, added to an equal amount of
trichloroacetic acid, incubated, and centrifuged at 4 °C. The OD value was measured by the supernatant at 620 nm,
and the content of EB in the tissue was calculated according to the standard curve.

Nitric Oxide (NO) Content

The vascular tissues in hypertensive rats were dissected. The tissue proteins were extracted using the RIPA lysis buffer.
Lysates were centrifuged and supernatants were collected for subsequent analysis. The nitric-oxide-detection assay kit
(Shanghai Biyuntian Biological Co., Ltd.) was then used to determine the NO content, according to the kit instructions.

Measurement of H,O, Content in Vascular Tissue

Vascular tissues were isolated, and the proteins were extracted using the RIPA lysis buffer. Lysates were centrifuged for
the collection of supernatants. The content of H,O, in the supernatants was measured using the H,O, assay kit
(Jiancheng Bioengineering Institute, Nanjing, China) and normalized to the protein level.

Statistical Analysis

The CFP/FRET ratio was calculated using Image J (NIH, Bethesda, MD, USA). The FRET value in each subcellular
region was measured for each cell, and the average value was calculated for several cells. Images were pseudo-colored
using the 16-color map in Image J. Data are presented as mean £ SEM. Statistical analysis was performed by using
GraphPad Prism 8.0. One-way analysis of variance (ANOVA) with the least significant difference test was used to
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determine the statistical significance, and p < 0.05 was considered to be significant. Each experiment was repeated at
least three times, and more than 10 cells were imaged, with each condition being analyzed.
Construction of vimentin tension probes and selection of Ang II concentrations are explained in Supplementary Materials.

Results

Effect of Common Intravenous Injection on Ang ll-Induced HUVECs

In order to identify the effect of intravenous injection on the transmembrane OP, which is closely associated with the
cytoskeletal tension, we designed a vimentin tension probe based on FRET, then effectively evaluated the intermediate
filament (IF) tension, which indicates a change in transmembrane OP (Figure S1). In addition, we selected the appropriate
concentration (0.5 pmol/L; refer to Supplementary Materials) of Ang II to stimulate vascular endothelial cells for

establishing a hypertensive model in vitro (Figure S2) and explored the effect of the intravenous injection on the
transmembrane OP and endothelial cell damage. A plasma-mimicking medium was mixed with 0.9% NaCl, Compound
NaCl, 5% NaHCOs;, 5% glucose, and HS40SC in a ratio of 9:1 to simulate the intravenous infusion in a human body, and
the effect on normal or Ang II (0.5 pmol/L)-induced HUVECs was evaluated. The results showed that all intravenous
injections have little effect on the cell tension of normal endothelial cells (Figure 1A and C), but the electrolyte injection of
0.9% NaCl, Compound NaCl, and 5% NaHCOs;, instead of 5% Glucose or HS40SC injection, could induce the upregulation
of cell tension in Ang Il-induced HUVECs (Figure 1B and D). Furthermore, the CFP/FRET ratio of Ang II-induced
HUVECs was obviously higher (p < 0.001) than that of normal HUVECs (Figure 1E) in the case of the electrolyte injection
with sodium ions (0.9% NaCl, Compound NaCl, and 5% NaHCO;). The data suggested that the electrolyte injection with
sodium ions could significantly increase the transmembrane OP of the HUVECs. Further, the TEER value, cytoplasmic OP,
and number of intracellular PNs were measured. The results showed that in the case of the injection of the electrolyte with
sodium ions, instead of 5% Glucose or HS40SC injection, the TEER value, cytoplasmic OP, and number of intracellular
PNs of Ang II-induced HUVECs were higher than those of normal HUVECs (p < 0.001, Figure 1F—H). Therefore, we
speculate that electrolyte injection of sodium ions, instead of 5% Glucose and HS40SC injection, may affect cytoplasmic
PNs and regulate transmembrane OP in Ang II-induced HUVECs, eventually resulting in vascular endothelial cell damage.

The Relationship Between Transmembrane OP and the Increased Number of
Inflammation-Related PNs in Ang llI-Induced HUVECs in Response to Sodium lon

Injection

The results of a previous study showed that both generation of inflammatory corpuscles and depolymerization of cytoskeleton
could lead to the generation of cytoplasmic PNs.%° In the present study, the immunofluorescence assay results suggested that
the ASC and NLRP3 protein expression increases and that the formation of ASC spot-like aggregates and intracellular ROS
was also significantly upregulated in Ang II-induced HUVECsS as a result of treatment with sodium ion injection; this indicates
that sodium ion injection may lead to the production of inflammasomes in Ang II-induced HUVECs (Figure 2A and D). The
immunofluorescence staining of the microfilament and microtubule showed slight cytoskeletal depolymerization in Ang II—-
induced HUVEC:s treated with sodium ion injection (Figure 2B and C). The above data indicate that sodium ion injection,
instead of 5% Glucose or HS40SC injection, resulted in inflammasome activation, and the increase in the number of PNs
resulted from inflammasome production, instead of cytoskeletal depolymerization in Ang II-induced HUVECs.

To further explore whether the inflammation stress has an effect on the transmembrane OP in Ang Il-induced
HUVECs treated with the sodium ion injection, 50 pmol/L. NAC (ROS inhibitor), 50 pmol/L MCC950 (NLRP3
inhibitor), or 20 umol/L Z-VAD-FMK (Caspase-1 inhibitor) were administrated to HUVECs. The transmembrane OP
recovered in Ang [I-induced HUVECs treated with sodium ion injection (p < 0.01 or 0.001, Figure 2E-J), and the TEER
value reduced (Figure 2K—M). However, with the addition of 10 pmol/L JK (microfilament stabilizer) and 10 umol/L
TAX (microtubule stabilizer), the transmembrane OP and TEER value showed a slight change (Figure 2E-M). These
results suggest that the sodium ion injection is involved in the change in the transmembrane OP and cell permeability
Ang Il-induced HUVECsS via cytoplasmic PN generation, which mainly resulted from the production of inflammasomes
instead of the depolymerization of the cytoskeleton.
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Figure | Effect of common intravenous injection on Ang ll-induced HUVECs. HUVECs were incubated with Ang Il and 0.9% NaCl, Compound NaCl, 5% NaHCO3, 5%
Glucose, or HS40SC injection for 24 h (mixed with plasma-mimicking medium at 1:9). (A and B) Images captured with 15-min time lapse during FRET analysis of HUVECs
(calibration bar: 0.1—1.5; scale bar: 10 pm). (C and D) Standardized CFP/FRET ratio of vimentin within 15 min. (E) Standardized CFP/FRET ratio of vimentin at |5th minute.
(F) Ratio of transendothelial electrical resistance (TEER) values of HUVECs at 12 h and 0 h. (G) Cytosolic OP value determined using freezing-point osmometer. (H)
Number of PNs in HUVECs after 6 h. Ang Il, Angiotensin Il. Data are expressed as mean + SD (n 2 3). **p < 0.001, ***p < 0.0001.
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Figure 2 In Ang ll-induced HUVEC:s, transmembrane OP is associated with inflammation caused by sodium ion injection. HUVECs were incubated with Ang Il and 0.9% NaCl,
Compound NaCl, 5% NaHCOj3, 5% Glucose, or HS40SC injection for 24 h (mixed with plasma-simulation solution at 1:9). (A) Representative images of cells immunostained with
ASC (FITC) and NLRP3 (TRITC) (scale bar: 20 pm). (B—D) Representative fluorescence images of (B) actin, (C) tubulin (scale bar = 10 um), and immunofluorescence staining of
(D) ROS in HUVEC: (scale bar = 40 pm). Ang ll-induced hypertensive HUVECs were incubated with 0.9% NaCl, Compound NaCl, or 5% NaHCOj injection added to NAC (50
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Role of Calcium Signals in Altering Transmembrane OP in Ang ll-Induced HUVECs

Following Sodium lon Injection

Recent studies reported that the production of a large number of PNs resulted in increased intracellular ions due to the
adsorption of intracellular cations, and this induced a change in the transmembrane OP and intracellular
hyperosmolality.27 Therefore, we determined the Ca2+, Na', and CI” levels using Fura-2AM, ENG-2AM, and MQAE
fluorescence probes, respectively, and found that intracellular Ca**, Na*, and CI™ levels significantly increased after
treatment of Ang II-induced HUVECs with sodium ion injection (p < 0.001, Figure 3A—C). IP3 can be combined with its
receptor to release Ca>" stored in the endoplasmic reticulum into the cytoplasm.** We found that 100 pmol/L 2-APB (IP3
receptor inhibitor) could decrease the transmembrane OP and cell permeability in Ang II-induced HUVECS in response
to sodium ion injection (p < 0.01, Figure 3D-L). Previous studies suggested that a change in the membrane potential
could induce the activation of the VGCC and calcium ion inﬂow,28 and SUR1-TRPM4 as a non-selective univalent cation
channel and TMEMI1G6F as a chloride ion channel could be activated by calcium signals.''° We found that 30 pmol/L
nifedipine (VGCC inhibitor), 10 umol/L glyburide (SUR1-TRPM4 inhibitor), or 1 pmol/L niclosamide (TMEMI16F
inhibitor) could reverse the changes in transmembrane OP and TEER value, thereby reducing cell permeability in Ang
[I-induced HUVEC: treated with the sodium ion injection (p < 0.01 or 0.001, Figure 3D-L). The results suggest that the
change in the transmembrane OP due to the sodium ion injection was related to calcium signals and the activation of non-
selective Na“ and CI” channels in Ang II-induced HUVECs. Therefore, the downregulation of calcium signals and its
related ion channels could inhibit transmembrane OP and cell permeability.

Role of Mechanosensitive Protein Abl2 in Inflammation and Regulation of
Transmembrane OP in Ang llI-Induced HUVECs Treated with Sodium lon Injection

The results of previous studies indicated that the Abl2 protein could be involved in vascular endothelial lesion via the
NF-«B signaling pathway,® and AbI2 could bind directly to F-actin, thereby sensing mechanical stimuli and transmit the
force exerted by microfilaments.*' The results of immunofluorescence staining showed the co-localization of Abl2 and
actin in Ang II-induced HUVECsS, but co-localization of AbI2 and actin was not observed in Ang II-induced HUVECs
stimulated with sodium ion injection (Figure 4A and B), indicating that the Abl2 protein may be activated by sodium ion
injection in Ang Il-induced HUVECs. In addition, previous studies reported that the Abl family participated in
inflammation through the oxidative stress pathway.’” To investigate the role of Abl2, HUVECs were transfected with
AbI2-siRNA to downregulate endogenous AbI2 (p < 0.001, Figure 4C). In Ang II-induced HUVECsS treated with sodium
ion injection, Abl2-transfection could significantly decrease the protein level of ASC and NLRP3, and downregulate
ASC spot-like aggregation and ROS generation (p < 0.001 or 0.0001, Figure 4D—G). The AbI2 protein might be related
to the formation of inflammasomes. Further, Figure 4H-J show that transmembrane OP and TEER value decreased in
sodium-ion-injection-treated HUVECs induced with Ang II after transfection of Abl2 (p < 0.001). The results suggest
that the co-treatment with the sodium ion injection and Ang II could significantly increase the inflammasome production
in HUVECs, and this is related closely to Abl2 activation, transmembrane OP, and endothelial cell permeability.

Reversal of Sodium lon-Injection-Stimulated Injury of Ang ll-Induced HUVECs by

Drug-combination Treatment

In order to reverse the damage to Ang II-induced vascular endothelial cells caused by sodium ion injection, we selected drug
combinations to act on Ang Il-induced HUVECs stimulated with 0.9% NaCl, Compound NaCl, 5% NaHCO; injection.
Specifically, we analyzed whether the drug combinations could improve the transmembrane OP and reverse the cell damage
caused by sodium ion injections in Ang II-induced HUVECs. Different drug combinations of heparin, nifedipine, glyburide,
niclosamide, tranilast, and NAC were used to treat Ang II-induced HUVECs stimulated with sodium ion injection. All
combinations of different drugs could reverse transmembrane OP and TEER changes (» <0.001, Figure SA—C). Among them,
the drug combination of heparin, glyburide, tranilast, and NAC was more effective in Ang II-induced HUVECs injected with
5% NaHCO; (p < 0.0001, Figure 5A—C). Similarly, this drug combination could also result in the recovery of the
transmembrane OP and enhance the TEER value in Ang Il-induced HUVEC: injected with 0.9% NaCl or compound NaCl
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Figure 4 Role of mechanosensitive protein Abl2 in inflammation to regulate transmembrane OP in Ang ll-induced HUVEC:s treated with sodium ion injection. HUVECs were incubated
with Ang Il and 0.9% NaCl, Compound NaCl, or 5% NaHCOj injection for 24 h (mixed with plasma-mimicking medium at |:9). (A) Representative images of cells immunostained with
Abl2 and actin (scale bar: 20 um). (B) Pearson curve was used to show colocalization of Abl2 protein and actin between points A and B in each group in Figure 4A. (C) Expression of Abl2
in HUVEC:s transfected with Abl2 siRNA. Hypertensive HUVECs transfected with or without Abl2 siRNA were incubated with 0.9% NaCl, Compound NaCl, or 5% NaHCOj injection.
(D) Representative images of cells immunostained with ASC (FITC) and NLRP3 (TRITC) (scale bar: 20 um). (E) Quantitative statistics of fluorescence intensity of ASC and NLRP3. (F)
Immunofluorescence staining of ROS in HUVEC:s (scale bar = 40 um). (G) Quantitative statistics for fluorescence intensity of ROS. (H) Images obtained at | 5-min time lapse in FRET
analysis (calibration bar: 0.1-1.5; scale bar: 10 ym). (I) Standardized CFP/FRET ratio of vimentin within |5 min. (J) Ratio of transendothelial electrical resistance (TEER) values of HUVECs
at 12 hand 0 h. NC, normal; Ang Il, Angiotensin Il. Data are expressed as mean + SD (n = 3). *p < 0.05, **p < 0.001, ***p < 0.0001.
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Figure 5 Effective regulation of transmembrane OP and cell permeability in sodium-ion-injection- and Ang ll-induced HUVECs by using drug combination. HUVECs treated
with nifedipine, heparin, glyburide, niclosamide, tranilast, or NAC were incubated with Ang Il and 5% NaHCO; for 24 h (mixed with plasma-mimicking medium at 1:9). (A)
Images obtained at |5-min time lapse in FRET analysis (calibration bar: 0.1-1.5; scale bar: 10 ym). (B) Standardized CFP/FRET ratio of vimentin within |5 min. (C) Ratio of
the transendothelial electrical resistance (TEER) values of HUVECs at 12 h and 0 h. Hypertensive HUVECs treated with heparin, glyburide, tranilast, or NAC were incubated
with Ang Il and 0.9% NaCl or Compound NaCl for 24 h (mixed with plasma-mimicking medium at 1:9). (D) Images obtained at |5-min time lapse in FRET analysis (calibration
bar: 0.1-1.5; scale bar: 10 pm). (E) Standardized CFP/FRET ratio of vimentin within |5 min. (F) Ratio of TEER values of HUVECs at 12 h and 0 h. (G) NLRP3 protein
expression. (H) Representative images of cells immunostained with ASC (FITC) and NLRP3 (TRITC) (scale bar: 20 um). (I) Fluorescence images of Caspase-| (FITC). Scale
bar = 20 pm. (J) Cytosolic OP value determined using freezing-point osmometer and (K) number of PNs in HUVECs after 6 h. Ang I, Angiotensin Il; Hepa, heparin; Glyb,
glyburide; Tran, tranilast; NAC, N-acetylcysteine. Data are expressed as mean + SD (n 2 3). *p < 0.05, **p, 0.01, ***p < 0.001, ****p < 0.0001.

(p < 0.001, Figure 5SD-F); this suggests that by inhibiting calcium signals, inflammation, and oxidative stress, this drug
combination could effectively reverse the change in the transmembrane OP and cell permeability caused by sodium ion
injection. In order to further investigate the effect of the drug combinations on the inflammation-induced transmembrane OP,
the ASC and NLRP3 expression levels, cytoplasmic OP, and PN content are measured. Immunofluorescence staining and
Western blotting showed that the drug combination could significantly reduce NLRP3 (Figure 5G and H), and immunofluor-
escence staining also showed that the drug combination could decrease ASC and Caspase-1 expression, and ASC spot-like
aggregation in Ang Il-induced HUVECsS injected with sodium ions (Figure SH and I). The drug combination also had
a significant inhibitory effect on cytoplasmic OP and the number of PNs (p < 0.0001, Figure 5J and K). In summary, the drug
combination could downregulate the expression of NLRP3 and ASC inflammasomes, decrease the number of PNs, and
improve transmembrane OP and the cell permeability, indicating that it reverses Ang II-induced hypertension-related vascular
endothelial injury because of sodium ion injection.
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Reversal of Sodium lon Injection-Induced Vascular Endothelial Damage of

Hypertensive Rats by Drug-combination Treatment

To verify the mechanisms described above in vitro and analyze the effect of the drug combination of heparin, glyburide,
tranilast, and NAC, we employed rat hypertensive models and then injected sodium ion injection intravenously into the rats.
The results showed substantial EB staining of heart and kidney tissues in hypertensive rats, but this drug combination could
obviously inhibit the accumulation of EB and improve vascular permeability (p < 0.01, Figure 6A and B, Figure S3A). In
hypertensive rats stimulated with sodium ion injection, the drug combination did not change heart rate or systolic and
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Figure 6 Drug combination-induced reversal of vascular endothelial injury caused by sodium ion injection in hypertensive rats. Hypertensive rats were injected with 0.9%
NaCl, Compound NaCl 5%, or NaHCOs into their tail and were treated with drug combination of heparin, glyburide, tranilast, and NAC for 14 days. (A) Evans blue (EB)
concentration in heart tissue. (B) EB concentration in renal tissue. (C) Heart rate, (D) systolic pressure, and (E) diastolic pressure before and after treatment with sodium
ion injection for hypertensive rats. (F) H&E staining in vessel tissues. (G) Fluorescence images and (H and I) quantitative analysis with Caspase-1 and NLRP3 (x200). (J)
H,0, content and (K) NO content in vessel tissues. Hepa, heparin; Glyb, glyburide; Tran, tranilast; NAC, N-acetylcysteine. Data are expressed as mean * SD (n 2 3). *p <
0.05, #p < 0.01, **p < 0.001.
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diastolic blood pressure (Figure 6C—E; the blood pressure in normal rats ranged from 85 to 115 mmHg, while the blood
pressure in hypertensive rats was >115 mmHg; these results showed that both systolic and diastolic blood pressure were
higher than 115 mmHg in each group). H&E staining and immunofluorescence assay results showed that sodium ion
injection induced vascular endothelial inflammation in hypertensive rats, characterized by inflammatory cells densely
surrounding and infiltrating surrounding tissues, and an increase in ASC and NLRP3 proteins, and these two proteins
overlapped with staining by the endothelial cell marker CD31 (Figure 6F—I). Immunohistochemistry also revealed ASC and
NLRP3 protein accumulation (Figure S3B), indicating the accumulation of inflammatory factors in vascular endothelial
cells. Additionally, the H,O, content also increased, and the drug combination could significantly reduce inflammation-
related proteins and H,O, levels (p < 0.01 or 0.001, Figure 6F-J). In addition, the drug combination could also significantly
increase the amount of NO released, thus effectively reverse the damage to hypertensive vascular endothelial cells (p <
0.01, Figure 6K). These results suggest that sodium ion injection could result in vascular endothelial cell inflammation
followed by cell damage in hypertensive rats, and that the above mentioned drug combination could safely and effectively
mitigate vascular endothelial damage.

Discussion

In the present study, changes in transmembrane OP were found to be correlated with the damage caused by intravenous
injection of sodium ions in hypertensive patients. In addition to PNs and ion composition, chemical signals also play
crucial roles in affecting the transmembrane OP in live cells. In particular, the Ca®" signal and mechanosensitive protein
ADbI2 are involved in transmembrane OP regulation. Sodium ion injections can cause the accumulation of NLRP3
inflammasomes, opening of Ca®" channels, and activation of Abl2 in response to Ang Il-induced HUVECsS; conse-
quently, the transmembrane OP balance is disturbed, cell permeability increases, and endothelial cell damage occurs. The
safety of intravenous injections was analyzed by considering the transmembrane OP, and a new drug combination is
further established as a treatment measure.

The increase in the transmembrane OP resulting from the opening of ion channels, was found to associate closely
with PN-induced membrane potential, Ca** signals, and chemical stimuli. A previous study reported that extracellular
and intracellular PN-ion adsorption could disrupt the membrane potential equilibrium and induce activation of voltage-
gated ion channels. Nifedipine, a VGCC blocker, was found to attenuate vimentin tension and protein nanoparticle-
induced osmotic pressure (PN-OP), suggesting that a change in the membrane potential caused a change in the OP and
was associated with intracellular PN-ion adsorption.>'*? The results of the present study suggest that calcium signals are
necessary for the influx of large quantities of ions and the enhancement of intracellular OP (hyperosmolarity). Heparin,
a competitive inhibitor of the IP3 receptor, inhibits the calcium-induced increase in OP elicited by Ang II stimulus in
vascular endothelial cells. Moreover, calcium signals were reported to be involved in the activation of nonselective
voltage-gated ion channels, like SUR1-TRPM4 and TMEM16A/F.**** SUR1-TRPM4 and TMEM16A/F were found to
be associated closely with intracellular hyperosmolarity via mass Na'" and C1~ influx in response to Ang II or bradykinin
stimuli.®>>*® Chemical signals are also very important in regulating transmembrane OP. Ton channels can also be activated
and sensitized by the kinase signal in response to chemical stimuli.>” Calcium ion/calmodulin-dependent protein kinase
Iy (CaMKIIy) is involved in the increase in Ca®"-activated chloride current (I¢y.c,) induced by TMEM16A,*® and the
activity of protein kinase II5 (CaMKIIS) is closely associated with the openness of the TRPM4 channel and Na™ influx.>’
Furthermore, calmodulin can be activated effectively by Ang II treatment. Therefore, the sensitivity of TMEMI16A and
SUR1-TRPM4 channels can be upregulated in hypertensive patients and involved in influx of large quantities of cations
and anions in response to electrolyte injection. Furthermore, the AbI2 protein was also found to be involved in
endothelial cell inflammation and in the changes in the transmembrane OP and permeability. To summarize, we propose
a method that combines the use of multiple sources of PNs, calcium signals, and chemical factors to control the
transmembrane OP and thereby reduce endothelial-cell damage.

Sodium ions, glucose, and HS40SC injections are isotonic injections, but only sodium ions can lead to the production
of intracellular PNs, change in the ion contents, activation of ion channels, and changes in the transmembrane OP, finally
resulting in damage to the hypertensive endothelial cells. The reason for 5% glucose and HS40SC not damaging the
endothelial cells may be that these do not rely on ion channels for transport and absorption after entering the blood
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plasma.***" The results of previous studies showed that the permeability of ion channels could be regulated by
controlling the membrane potential and the ligand and ion concentrations; however, glucose is not an electrolyte and
cannot not ionize to form free ions, hence it has little impact on ion channel opening or transmembrane OP under isotonic
conditions.*? A change in albumin content (or other PNs) in blood plasma could result in alteration of the transmembrane
OP via absorption of K" and Ca®" cations.* However, HS40SC injection as a plasma substitute, similar to albumins, did
not affect the transmembrane OP by altering the membrane potential and activating ion channels.*> HS40SC was
speculated to keep the colloid particles and membrane potential in the blood plasma stable. Therefore, the changes in
the membrane potential and opening of voltage-gated ion channels substantially affect the transmembrane OP and are
therefore important factors to assess the sodium ion-injection-induced damage to the hypertensive endothelial cells.
Clinical studies found that in hypertensive patients, a decline in the kidney function to remove excess water and
sodium leads to “water retention”.** If hypertensive patients received a large amount of sodium ion injection intrave-
nously, the renal burden is increased, resulting in increased water retention.*> Hyperosmosis of kidney cells can inhibit
water efflux from kidneys.*® This in turn leads to an increase in extracellular fluid volume, which can cause an increase in
cardiac output, leading to an increase in blood pressure. This is consistent with the results of the present study showing
that sodium ion injection could cause hyperosmosis in Ang Il—induced vascular endothelial cells and alter vascular
permeability in hypertensive rats. Therefore, we speculate that sodium ion injections may not prove effective in the
treatment of hypertensive patients, especially patients with water retention. Hypertensive patients may suffer from
sodium deficiency due to factors such as improper diet or renal dysfunction, and supplementing large quantities of
substances present in sodium injections may further increase blood pressure. Based on this knowledge, we identified
a new drug combination that could inhibit the damage caused by sodium ion injection in hypertensive rats and vascular
endothelial cells from the perspective of transmembrane OP. Therefore, this drug combination could be combined with
sodium ion injection to improve water retention, but the clinical value of this approach requires clinical trial validation.

Conclusion

In summary, the transmembrane OP is an important factor to quantify the sodium-ion-injection-induced damage to Ang
II-induced vascular endothelial cells. In addition to PNs, ions, and ion channels that were considered in a previous study
that focused on the transmembrane OP, in this study, chemical stimuli such as Ang II and the activation of mechan-
osensitive proteins have also been identified as key factors regulating the transmembrane OP. Furthermore, from the
perspective of transmembrane OP, sodium ion injections are not safe for patients with hypertension-related vascular
injury, and drug combination adjuvant therapy could provide a method for clinically safe treatment.
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