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Background: Intracellular tension plays a crucial role in the destruction of the blood–brain 
barrier (BBB) in response to lesion stimuli. Tight junction structure could be primarily 
affected by tension activity. In this study, we aimed to determine the effects of extracellular 
BBB damage on intracellular tension activity, and elucidate the mechanism underlying the 
effects of intracellular protein nanoparticle-related osmotic pressure on BBB permeability.
Methods: The intracellular tension for tight junction proteins occludin and ZO1 was 
evaluated using the fluorescence resonance energy transfer (FRET)-based tension probes 
and cpstFRET analysis. The changes in mobility ratios of occludin were evaluated via the 
fluorescence recovery after photobleaching (FRAP) test. The cytoplasmic osmotic pressure 
(OP) was measured using Osmometer. The count rate of cytoplasmic nanoparticles was 
detected by Nanosight NS300. The activation of cofilin and stathmin was examined by 
Western blot analysis. The BBB permeability in vivo was determined via the changes of 
Evans Blue (EB) injected into SD rats. The tight junction formation was assessed by the 
measurement of transendothelial electrical resistance (TEER). Intracellular calcium or chlor-
ide ions were measured using Fluo-4 AM or MQAE dyes.
Results: BBB lesions were accompanied by changes in occludin/ZO1 tension. Increases in 
intracellular osmotic pressure were involved in alteration of BBB permeability, possibly 
through the depolymerization of microfilaments or microtubules and mass production of 
protein nanoparticles according to the Donnan effect. Recovery of protein nanoparticle- 
related osmotic pressure could effectively reverse the effects of changes in occludin/ZO1 
tension under BBB lesions. Outward tension of intracellular osmotic potential also caused 
upregulation of membrane fluidity, which promoted nonselective drug influx.
Conclusion: Our results suggest a crucial mechanical mechanism underlying BBB lesions, 
and protein nanoparticle-related osmotic pressure could be a novel therapeutic target for 
BBB lesion-related brain diseases.
Keywords: blood–brain barrier, protein nanoparticle-related osmotic pressure, occludin/ZO1 
tension, permeability, membrane fluidity

Background
The blood–brain barrier (BBB) is the physical interface that separates neural tissue 
from peripheral blood and is a pluricellular vascular structure formed by capillary 
endothelial cells.1 The BBB plays a vital role in blocking nonselective substances 
such as ions, neurotransmitters, macromolecules, and neurotoxins, and brain nutri-
tion influx and efflux.2 Alteration of the BBB physical structure depends on 
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intracellular tension activity, which plays a crucial role in 
the regulation of nonselective BBB permeability and 
dysfunction.3,4 The mechanical mechanism underlying 
the role of endothelial cells in BBB lesions and related 
therapeutic measures are of great clinical interest.

The low passive permeability of the BBB depends on 
sealing tight junctions formed by the junctional complexes 
(tight, adherens, and gap junctions) between brain 
endothelial cells.5 Tight junction (TJ) proteins, including 
claudins and occludin, can form intermembrane bindings 
through homo- and heterogenous interactions between the 
adjacent cells, and block chemical influx and efflux 
through the BBB.6,7 The TJ plaque proteins on the cyto-
plasmic side are linked to the actin cytoskeleton and pro-
vide pivotal physical support for the barrier. The 
interaction between occludin and TJ scaffolding proteins 
such as ZO1 and ZO2, and the cytoskeletal protein F-actin 
are essential for the construction and stability of TJ protein 
complexes.8–11 Modulation of transmembrane junctional 
protein complexes and poor permeability of the BBB are 
closely related to intracellular cytoskeletal tension.

Intracellular tension depends on cytoskeletal structure 
and is mainly caused by microfilament (MF) and micro-
tubule (MT) forces and osmotic pressure (OP).12,13 Under 
the effect of dynamic molecules, MF and MT can produce 
cytoskeletal forces. The osmotic pressure (OP) difference 
across the membrane can produce tension by pulling the 
intermediate filament (IF).10,14 However, the mechanisms 
by which cytoskeletal forces and osmotic pressure regulate 
the mobility of transmembrane proteins and permeability 
of the BBB remain unclear. Changes in extracellular 
osmolality can regulate BBB permeability by “pulling” 
the cytoskeleton.12 We speculated that the tension of 
occludin/ZO-1 proteins is regulated by MF or MT forces 
and osmotic pressure, which could be closely related to the 
regulation of permeability in brain microvascular endothe-
lial cells.

Depolymerization of MF and MT cytoskeletons could 
increase intracellular protein nanoparticle-related osmotic 
pressure.13,15 Changes in osmotic pressure across the 
membrane are accompanied by a change in membrane 
fluidity.16,17 The high flow of the membrane likely pro-
motes membrane permeability, which is manifested by the 
fluidity of lipids and transmembrane proteins. The fluidity 
of membrane proteins could also be regulated by 
a cytoskeletal “pull”, which maintains and stabilizes the 
connection between transmembrane proteins and intracel-
lular IF. However, the role of intracellular cytoskeletal 

tension and osmotic pressure in the regulation of mem-
brane fluidity and permeability remains unclear.

In this study, we constructed tension probes based on 
fluorescence resonance energy transfer (FRET) to study 
the vector pull of occludin and ZO1 tension and OP,18,19 

and determined the effects of extracellular causes of BBB 
damage on intracellular tension activity. We also studied 
the mechanical mechanism underlying the effects of intra-
cellular protein nanoparticle-related osmotic pressure on 
BBB permeability, and the involvement of lipid membrane 
fluidity and transmembrane proteins mobility.

Methods
Cell Culture
The human brain microvascular endothelial cell (HBMEC) 
line was acquired from the Bena Culture Collection 
(BNCC, Suzhou, China) and authenticated by the 
Genetic Testing Biotechnology Corporation (Suzhou, 
China) by using short tandem repeats (STR). 
Mycoplasma Plus PCR Primer Set (Agilent, Santa Clara, 
USA) was used to test for mycoplasma contamination, and 
results were negative. HBMEC cells were cultured in 
Dulbecco’s Modified Eagle’s Medium (Gibco, New York, 
USA) containing 10% fetal bovine serum (Gibco, 
New York, USA), 100 units/mL penicillin, and 100 μg/ 
mL streptomycin (Gibco) and maintained in a 5% CO2 

incubator at 37°C.

Antibodies and Reagents
Phospho-cofilin and Phospho-stathmin-1 antibodies 
were purchased from Cell Signaling Technology 
(Danvers, MA, USA). Cofilin and Stathmin antibodies 
were purchased from Proteintech (Chicago, USA). β- 
actin and α-tubulin antibodies were from Boster 
(Wuhan, China). HRP-labeled anti-rabbit and anti- 
mouse antibodies were purchased from Zsgb-Bio 
(Beijing, China).

Cytochalasin D and nocodazole were purchased from 
Sigma-Aldrich (Saint Louis, MO, USA). Glutamate, 
hydrogen peroxide, jasplakinolide, and taxol were pur-
chased from Sigma-Aldrich (Saint Louis, MO, USA). 
Human vascular endothelial growth factor (VEGF) and 
histamine were obtained from Peprotech (Rocky Hill, NJ, 
USA). LPS, TNF-α, Ang-II, and Capsaicin were purchased 
from Absin (Shanghai, China). Acrylamide, Muscone, and 
α-Asarone were from Solarbio (Beijing, China).
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FRET Probe Construction and 
Transfection
NovoRec PCR seamless cloning and assembly kit 
(Thermo Fisher Scientific) and restriction endonuclease 
cloning methods were used to construct the FRET-based 
probes, as described previously.12–15 The occludin 
(#86042) and ZO1 (#30313) genes were purchased from 
Addgene (Watertown, MA, USA). We constructed fluor-
escent sensors by using the cpstFRET (cpVenus-7aa- 
cpCerulean) module and inserted them between amino 
acids 357 and 358 of occludin, and between amino acides 
1011 and 1012 of ZO1. Occludin and ZO1 expression 
were monitored by inverted fluorescence microscopy. 
Endo-Free Plasmid Mini Kits (Omega Bio-Tek, Norcross, 
GA, USA) were used to exact the recombinant FRET 
plasmids. The FRET plasmids were transfected into 
HBMEC cells by using the FuGene 6 Transfection 
Reagent (Roche).

cpstFRET Analysis
HBMEC cells were transfected with occludin or ZO1 
probes and incubated with 1000 mg/mL geneticin. The 
effectiveness of FRET in stable monoclonal cell lines 
depends on the dipole angle between donor-eCFP and 
acceptor-eYFP. The cell images were taken with ×63 oil 
lens on a confocal microscope (SP5; Leica, Wetzlar, 
Germany). The effectiveness of donor and acceptor were 
tested using argon lasers at 458 nm and 514 nm respec-
tively. The equation 1/E = cerulean donor/venus acceptor 
was used to calculate the CFP/FRET ratio.

FRET-AB Analysis
LAS AF Application Wizard v1.7.0 (Leica) was used to 
detect the effectiveness of the occludin and ZO1 probes. 
Acceptor photobleaching FRET (FRET-AB) mode was 
used after HBMEC cells were transfected with the probes. 
Donor and receptor exciting light were adjusted to ensure 
fluorescence intensity of the donor and receptor when the 
exciting light was as low as possible. The whole cell was 
selected as the ROI, and the receptor exciting light intensity 
was adjusted to 100% to bleach the receptor. The ratio of the 
donor fluorescence intensity before and after bleaching was 
used to evaluate the FRET-AB efficiency of the probes.

FRAP Analysis
Fluorescence recovery after photobleaching (FRAP) experi-
ments was performed using LAS AF Application Wizard 

v1.7.0 (Leica). The ROI was selected on cells, 458 nm or 
514 nm was chosen, and the exciting light intensity was 
adjusted to 100%. The ratio of fluorescence intensity of ROI 
before and 500 seconds after photobleaching was used to 
calculate the FRAP recovery rate of the probes.

Measurement of Cytoplasmic OP and 
Count Rate of Protein Particles
Cell culture medium, HEPES isosmotic solution, and tryp-
sin solution were adjusted to 300 ± 10 Osm/kg. HBMEC 
cells were cultivated in 90 mm dishes and stimulated with 
drugs when the cell density reached >95%. Medium was 
discarded and the cells were washed two times with 
HEPES isosmotic solution. The cells were digested and 
suspended in HEPES isosmotic solution and transferred to 
1.5 mL microcentrifuge tubes. Centrifugation (13,000 g, 5 
min, 4°C), ultrasonification (75% amplitude, 5 times, 5 
seconds; Sonics and Materials, Connecticut, CT, USA) 
and another centrifugation (13,000 g, 10 min, 4°C) were 
performed. 50 µL of supernatant solution was transferred 
to 0.5 mL test tubes. The Osmomat 3000 Freezing Point 
Osmometer and 050 Membrane Osmometer (Gonotec, 
Berlin, Germany) were calibrated three times before use. 
The cytoplasmic OP was then recorded. The kilocycles 
per second (Kcps) of cytoplasmic nanoparticles was 
detected by Nanosight NS300 (Malvern Instruments, 
Malvern, UK).

Western Blotting
HBMEC cells were dissolved in RIPA lysis buffer 
(Beyotime Bio) mixed with protease inhibitor and PMSF, 
and total proteins were extracted. SDS-PAGE was used to 
separate the proteins. The separated proteins were trans-
ferred to nitrocellulose membranes, which were then 
blocked using 5% non-fat milk for 1 hour. The membranes 
were incubated with specific primary antibodies overnight 
at 4°C. After washing with 0.1% TBST, the membranes 
were incubated with specific secondary antibodies for 2 
hours. The immunoreactive protein bands were visualized 
using the ECL chromogenic substrate and quantified by 
densitometry (Quantity One; Bio-Rad, Hercules, CA, 
USA). Actin or Tubulin was used as a negative control.

Measurement of Transendothelial 
Electrical Resistance in HBMEC Cells
An epithelial voltohmmeter (EVOM) was used to record 
transendothelial electrical resistance (TEER). HBMEC 
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cells were seeded in the transwell apparatus with polycar-
bonate membrane and cultured with 600 μL DMEM in the 
upper chamber. The transwell apparatus was placed in 
a 6-well cell culture cluster and 1 mL DMEM was added 
into the bottom chamber. After 24 h of incubation, two 
Millicell® ERS-2 Voltohmmeter electrodes (Merck USA) 
were placed on the upper and bottom chambers vertically 
and immersed in the medium. The TEER value was mea-
sured as a blank electrical resistance value (TEERblank). 
Glutamate, VEGF, Histamine, or hydrogen peroxide were 
added into the upper chamber, and cells were incubated for 
0–90 min; the same volume of PBS was added to the 
control group. The TEER values in each chamber 
(TEERc) were measured. The equation (TEERc- 
TEERblank) × S (selective membrane area) = TEER 
(Ω▪cm2) was used to calculate the TEER values of mono-
layer cells. For each experiment, at least two replicates 
were measured. Results were expressed as means ± S.E.M.

Animals
All animal procedures were performed according to the 
guidelines of the National Institutes of Health (Bethesda, 
MD, USA). The protocol was approved by the Research 
Animal Care Committee of Nanjing University of Chinese 
Medicine.

Adult male Sprague-Dawley rats (SD rats, 240–260 g) 
were obtained from the Model Animal Research Center of 
Nanjing University of Chinese Medicine (Nanjing, China). 
The rats were housed in a room under a 12 h light/dark 
cycle. All rats had free access to food and water under 
conditions of controlled humidity and temperature (24 ± 
0.5°C).

Stereotactic Injection in Rat Brains
The rats were injected with 2% Evans Blue (EB; 4 mL/kg, 
Sigma-Aldrich, MO, USA) dye dissolved in 0.9% saline 
solution through the lateral caudal vein. VEGF (5 μg/mL), 
Glu (20 mM), HP (100 μM), or His (1.25 mM) dissolved 
in PBS were prepared for injections. Rats were placed in 
a stereotactic brain frame and anesthetized by administer-
ing a mixture of isoflurane (1.5–2.0%) and oxygen by 
inhalation. A 25-µL Hamilton syringe (Shanghai Gaoge 
Industry & Trade Co., Ltd., Shanghai, China) was inserted 
into the right ventricle using the following coordinates: 
3.5 mm beside the sagittal suture, 2 mm perforation at the 
intersection of the coronary suture, and 4 mm insertion. 
VEGF, Glu, HP, and His were injected into the right 
ventricle using the 25-µL Hamilton syringe at a rate of 

0.5 µL/min. The total volume was 40 µL. The body 
temperature of rats was controlled at 37.0 ± 0.5°C using 
a heating pad.

Evans Blue Analysis in the Brain
Four hours after the stereotactic brain injection cycle, 
we performed transcardiac perfusion with 0.9% saline 
solution and obtained the brains. We observed and cap-
tured images of EB infiltration in the right ventricle of 
each group. The brain tissue was weighed, and 1 mL of 
5% trichloroacetic acid (Sigma-Aldrich, Germany) was 
added per 100 g of the brain tissue. The brain was homo-
genized and sonicated in trichloroacetic acid, and then 
centrifuged at 13,000 ×g for 10 minutes. The supernatant 
was diluted 1:4 in 100% ethanol. After incubation for 30 
min at room temperature, the obtained sample was trans-
ferred to a 96-well black plate (Nunc, USA), and fluores-
cence emission was measured at 680 nm (excitation 
wavelength: 620 nm) by using a multifunctional micro-
plate reader (PerkinElmer EnVision, UK).

Measurement of Intracellular Chloride 
Ions
N-[ethoxycarbonylmethyl]-6-methoxy-quinolinium bro-
mide (MQAE; Beyotime, China) was used to detect intra-
cellular chloride ion concentration. MQAE was dissolved 
in Krebs-HEPES buffer (PanEra, China). The HBMEC 
cells were incubated with 5 μM MQAE for 30 min at 
37°C and washed 5 times with Krebs-HEPES buffer. The 
MQAE fluorescence was excited at 355 nm and emitted at 
460 nm under confocal laser scanning microscopy (SP5; 
Leica, Wetzlar, Germany). Fluorescence images were 
obtained every 60 seconds. The fluorescence intensity 
measured by microscopy was inversely correlated with 
the chloride ion concentration in HBMEC cells. The nor-
malized value of MQAE fluorescence intensity (F0/Ft) was 
calculated using the chloride ion fluorescence just after 
(Ft) or before (F0) the application of stimulation for 
15 min.

Measurement of Intracellular Calcium Ion
The calcium-sensitive dye Fluo-4 AM (Molecular Probes, 
Solarbio, China) was used to measure intracellular calcium 
ion concentration. Fluo-4 AM was dissolved in Hanks 
balanced salt solution (HBSS) buffer and excited at 494 
nm, and emitted at 516 nm. HBMEC cells were incubated 
with 4 μM Fluo-4 AM for 20 min at 37°C, then treated 
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with 5 times volume HBSS containing 1% FBS and incu-
bated for another 40 min. The cells were resuspended 
using HEPES buffer saline (10 mM HEPES, 1 mM Na2 

PO4, 137 mM NaCl, 5 mM KCl, 1 mM CaCl2, 0.5mM 
MgCl2, 5mM Glucose, 0.1% BSA, pH 7.4) and incubated 
for 10 min at 37°C. The fluorescence intensity was 
detected using a confocal laser scanning microscopy 
(SP5; Leica, Wetzlar, Germany), and fluorescence images 
were obtained every 60 seconds. The normalized value of 
Fluo-4 AM fluorescence intensity (Ft/F0) was calculated 
based on the calcium ion fluorescence just after (Ft) or 
before (F0) the application of stimulation for 15 min.

Statistical Analyses
The CFP/FRET ratio was calculated using ImageJ software 
(San Diego, CA, USA). The FRET value in each subcellular 
region was measured for each cell and the average value was 
calculated for several cells. The 16-color map in ImageJ was 
used to set pseudo-colors in certain images. Data were pre-
sented as mean ± SEM. One-way ANOVA with the least 
significant difference test was used to determine statistical 
significance and P < 0.05 was considered significant. Each 
experiment was repeated at least three times, >10 cells were 
imaged, and each condition was analyzed.

Results
Construction and Efficiency of Occludin 
and ZO1 Tension Probes
Intracellular tension plays a vital role in the integrity of tight 
junctions between adjacent brain endothelial cells, and stabi-
lization of the BBB structure, which is closely related to the 
tight binding of occludin to the cytoskeleton via the scaffold 
protein ZO1.5,20 To determine the role of occludin/ZO1 ten-
sion activity in BBB lesions, we designed and constructed 
FRET-based tension probes of the transmembrane protein 
occludin and its linking protein ZO1. The FRET module 
was inserted into the occludin and ZO1 backbones, which 
could then exhibit resonant energy transfer through angle 
twisting when bearing tension changes (Figure 1A). The 
cpstFRET module was introduced between amino acids 357 
and 358 of occludin and between amino acids 1011 and 1012 
of ZO1 (Figure 1B). HBMEC cells were transfected with the 
occludin and ZO1 probes, and subjected to the acceptor 
photobleaching FRET (FRET-AB) test. Donor fluorescence 
(CFP) increased and acceptor fluorescence (YFP) decreased 
dramatically during FRET-AB. The FRET efficiency was 
17.435% for the occludin probe and 17.02% for the ZO1 

probe (Figure 1C). The fluorescence recovery after photo-
bleaching (FRAP) test showed that the recovery rate was 
28.7% for occludin and 60.3% for ZO1 after 500 seconds 
(Figure 1D), suggesting that the fluidity of ZO1 is higher than 
that of occludin. We then transfected HBMEC cells with 
occludin-cpstFRET or ZO1-cpstFRET probes under isotonic 
conditions. Occludin was expressed mainly on the cytomem-
brane of HBMEC cells and ZO1 was expressed in the cyto-
plasm surrounding the cytomembrane (Figure S1A and S1B). 
These data suggested that the newly constructed probes were 
effective and could be used to study intracellular tensions in 
brain endothelial cells. Further, this would be an effective 
model to elucidate the mechanical mechanism underlying 
BBB lesions.

Extracellular BBB Lesion Stimuli Induce 
Occludin and ZO1 Tension
Change of BBB structure is closely associated with abnor-
mal intracellular tension in BBB lesions. We, therefore, 
studied occludin and ZO1 tension in BBB lesions by using 
tension probes. VEGF, glutamate (Glu), H2O2 (hydrogen 
peroxide; HP), and histamine (His), which destabilize the 
BBB structure and increase its permeability, were used to 
generate models of BBB damage.21–25 HBMEC cells were 
transfected with occludin-cpstFRET or ZO1-cpstFRET 
probes. Time-lapse imaging of occludin-tension and ZO1- 
tension were performed and data were presented based on 
CFP/FRET signals. Occludin tension significantly increased 
when cells were treated with VEGF or Glu and dramatically 
decreased when cells were stimulated with HP or His 
(Figure 2A and B). Further, ZO1 tension significantly 
increased in cells treated with VEGF or Glu and dramati-
cally decreased in cells treated with HP or His (Figure 2C 
and D). These data showed that occludin and ZO1 tension 
could be upregulated or downregulated in extracellular BBB 
lesion models, and the “pulling” or “pushing” of transmem-
brane proteins elicited by intracellular tension activity could 
modulate nonselective permeability in the BBB.

Stabilization of Cytoskeletal Structure 
Limits Nonselective Permeability of the 
BBB via Inhibiting the Increment of 
Intracellular OP Induced by BBB Lesion 
Inducers
Alteration of intracellular OP can also cause structural and 
functional disruptions in the BBB. Cytoskeletal 
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depolymerization is involved in intracellular OP upregula-
tion, and stabilization and rearrangement of cytoskeletal 
structure is likely involved in BBB lesions.12,16,26 To 
determine the roles of tension-related OP in HBMEC cell 
permeability, a freezing point osmometer was used to 
measure OP value, and the MT stabilizer taxol (TAX; 15 
μM) and MF stabilizer jasplakinolide (JK; 10 μM) were 
used to block cytoskeletal depolymerization in BBB lesion 
models. We found that VEGF, Glu, HP, and His stimuli 
could significantly increase cytoplasmic OP, and TAX and 
JK pretreatment could dramatically reduce this effect in 
BBB lesion models (Figure 3A). We also found that the 
number of protein nanoparticles induced by VEGF, Glu, 
HP, or His independently increased dramatically in the 
BBB lesion models. After treatment with TAX and JK 
for 15 min, the number of protein nanoparticles was 
lower than that in cells treated with only BBB lesion 
factors (Figure 3B). In addition, we detected the size 
distribution of protein granules in the cytoplasm. The 
size distribution of most cytoplasmic particles under nor-
mal conditions was >100 nm, and even >1000 nm. After 

treatment with the BBB lesion stimuli VEGF, Glu, HP, or 
His, monomers of actin or tubulin and macromolecular 
polymers were produced, and the composition and degree 
of cytoplasmic OP changed. Treatment with VEGF, Glu, 
HP, or His resulted in the production of cytoplasmic par-
ticles <100 nm and even <10 nm. Treatment with stabili-
zers of MF and MT increased particle size from <10 nm to 
10–100 nm (Figure 3C). These data suggested that the 
stabilization of MF and MT could prevent cytoplasmic 
OP increase in BBB lesion models. Further, the intracel-
lular calcium or chloride ions were measured using Fluo-4 
AM or MQAE dyes after stimulation with different drugs 
for 15 min. Treatment with VEGF, Glu, HP, or His sig-
nificantly increased the concentration of cytoplasmic cal-
cium or chloride ions, which could be reduced by 
treatment with stabilizers for MF and MT (Figure 3D 
and E).

To study the changes of BBB structure and nonselec-
tive permeability in BBB models, transendothelial electri-
cal resistance (TEER) was used to assess tight junction 
formation, and was recorded using a conventional 

Figure 1 Construction of occludin/ZO1 probes and analysis of their efficacy and motility. (A) In cpstFRET (cpVenus-7aa-cpCerulean), cpCerulean (cyan) is the donor and 
cpVenus (yellow) is the acceptor. The probes have high Förster resonance energy transfer (FRET) efficiency when donor and acceptor are parallel without external force (f: 
external force). The external force reduces the FRET efficiency by changing the angle of cpstFRET. (B) Schematic representation of the occludin/ZO1 probe constructs. The 
cpstFRET module was inserted between amino acids 357 and 358 in the occludin probe and between amino acids 1011 and 1012 in the ZO1 probe. (C) FRET acceptor 
photobleaching (FRET-AB) was used to test the efficacy of the occludin (left) and ZO1 (right) probes in HBMEC cells. FRET-AB efficiency was 17.435% for the occludin probe 
and 17.02% for the ZO1 probe. (D) The intracellular mobility of the occludin (left) and ZO1 probes (right) were determined using fluorescence recovery after 
photobleaching (FRAP). The normalized average fluorescence recovery of occludin (left) and ZO1 (right) vs time (500 s) was calculated (n = 8), and the fluorescence 
recovery ratio noted. Scale bar: 20 μm.
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epithelial volt-ohm meter (EVOM); high TEER values 
indicated low paracellular BBB permeability.27 We found 
that treatment with the BBB lesion factors VEGF, Glu, HP, 
or His could reduce the TEER values in 90 min (Figure 
4A), and cotreatment with the BBB lesion factors and JK 
and TAX resulted in significantly higher TEER values than 
those after treatment with only the BBB lesion factors 
(Figure 4B). These data suggested that stabilization of 
cytoskeleton structure could alleviate the increase in 
BBB permeability induced by BBB lesion stimuli, and 
could be associated with recovery of intracellular protein 
nanoparticle-related osmotic potential.

Cofilin and stathmin are key depolymerization factors 
for MF and MT, respectively.28,29 BBB lesioning was 
correlated with cofilin and stathmin activation elicited by 
their dephosphorylation. Treatment with the BBB lesion 

factors VEGF, Glu, HP, or His, could cause significant 
decreases in p-cofilin or p-stathmin protein levels (Figure 
4C–F). These data suggested that BBB lesion-related fac-
tors could cause cofilin and stathmin activation and sub-
sequent depolymerization of MFs and MTs, which results 
in mass production of protein nanoparticles and a related 
increase in OP, associated closely with increased cytoplas-
mic calcium or chloride ion concentrations.

BBB Lesion Factor-Induced Fluidity of 
Occludin Decreases After Stabilization of 
MFs or MTs
Membrane fluidity has a crucial effect on the nonselective 
permeability of the BBB, which is associated with the motion 
of transmembrane proteins.16,30 The fluorescence recovery 

Figure 2 Occludin/ZO1 tension was regulated after stimulation with VEGF, Glu, HP, and His. (A and C) HBMEC cells expressing occludin (A) or ZO1 (C) probe were 
treated with VEGF (row 1), Glu (row 2), HP (row 3), or His (row 4) for 15 min. CFP (cyan) and FRET (yellow) fluorescence images were processed using the 16-color map 
of Image J. The calibration bar was set from 0.40 to 1.28. Scale bar: 20 μm. (B and D) Normalization of CFP/FRET signals corresponding to occludin/ZO1-tension vs time 
under VEGF, Glu, HP, and His stimulation. Data are shown as mean ± SEM, n ≥ 5.
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Figure 3 Changes of intracellular protein nanoparticle-related osmotic pressure and intracellular ions in response to BBB lesion factors and treatment with cytoskeleton stabilizers. (A and B) 
Cytoplasmic osmotic pressure (A) and count rate of protein nanoparticles (B) in HBMEC cells were measured in response to Control (Con), VEGF, Glu, His, HP, Con+JK+TAX, VEGF+JK+TAX, Glu+JK 
+TAX, HP+JK+TAX, and His+JK+TAX stimulation for 15 min. ns: no significance, **P < 0.01, ***P < 0.001. (C) Protein nanoparticle size distribution in the cytoplasm of HBMEC cells after treatment with 
Control, VEGF, Glu, HP, and His (Top Ⅰ-Ⅴ), or Control+JK+TAX, VEGF+JK+TAX, Glu+JK+TAX, HP+JK+TAX, and His+JK+TAX (Bottom Ⅰ-Ⅴ) for 15 min. (D) Changes in fluorescence intensity of 
cytoplasmic calcium ions in HBMEC cells. Control, Control+JK+TAX, VEGF, VEGF+JK+TAX, Glu, and Glu+JK+TAX treated groups are on the left, and Control, Control+JK+TAX, HP, HP+JK+TAX, 
His, and His+JK+TAX treated groups are on the right. (E) Changes in intracellular chloride ion fluorescence intensity in HBMEC cells. Con, Control+JK+TAX, VEGF,VEGF+JK+TAX, Glu, and Glu+JK 
+TAX treated groups are on the left, and Cont, Control+JK+TAX, HP, HP+JK+TAX, His, and His+JK+TAX treated groups are on the right. Data are presented as mean ± SEM, n ≥ 5.
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after photobleaching (FRAP) test was used to study the 
changes in mobility ratios of the transmembrane protein 
occludin. The normalized fluorescence recovery ratio after 
photobleaching under VEGF treatment after 500 s in occlu-
din probe-transfected cells was about 40.1%. The normalized 
FRAP ratio after treatment with Glu, HP, or His was 46.7%, 
55%, and 48%, respectively (Figure 5A). To further elucidate 
the roles of stabilizers of MF and MT, we treated occludin 
probe-transfected VEGF, Glu, HP, or His-induced cellular 
BBB lesion models with JK and TAX, and observed normal-
ized FRAP ratios of 31.4%, 32.3%, 43.7%, and 38.4%, 
respectively (Figure 5B). The FRAP ratio was lower after 
stabilization of cytoskeletal structure than that after treatment 
with BBB lesion stimuli. These data suggested that recovery 
of intracellular PN-OP could decrease transmembrane 

protein fluidity induced by BBB lesion factors after stabiliza-
tion of MFs or MTs. To elucidate the roles of OP in trans-
membrane protein fluidity, we treated cells with isotonic, 
hypotonic, or hypertonic solution, and observed FRAP ratios 
of 28.7%, 48.97%, and 41.03%, respectively. An increase or 
decrease in OP increased transmembrane protein occludin 
fluidity (Figure S2A). To determine the roles of stabilizers of 
MF and MT in different OPs, we treated occludin probe- 
transfected cells with JK and TAX in isotonic, hypotonic, or 
hypertonic solution; the normalized FRAP ratios were 
28.4%, 34.78%, and 32.48%, respectively (Figure S2B). 
These data suggested that the recovery of intracellular OP 
could decrease transmembrane protein fluidity by stabiliza-
tion of MFs or MTs, and alteration of protein nanoparticle 
levels.

Figure 4 Changes in BBB permeability after treatment of BBB lesion factors and cytoskeleton stabilizers. (A) Changes in TEER (Ω▪cm2) values in HBMEC cells vs time (90 
min) after treatment with Control, VEGF, Glu, HP, and His. TEER (Ω▪cm2) values were measured every 15 minutes (15, 30, 45, 60, 75, 90 min). (B) Normalized TEER values 
of each group; TEER value measured in control group was defined as 100%. HBMEC cells were treated with Control (Con), VEGF, Glu, HP, His, Con+JK+TAX, VEGF+JK 
+TAX, Glu+JK+TAX, HP+JK+TAX, and His+JK+TAX for 90 min. ns: no significance, **P < 0.01, ***P < 0.001. (Cand E) Western blot analysis to determine the 
dephosphorylation levels of (C) cofilin and (E) stathmin induced by Control (Con), Vehicle (Veh), VEGF, Glu, HP, and His. (D and F) Normalization of (D) P-Cofilin and 
(F) P-Stathmin levels induced by Con, Veh, VEGF, Glu, HP, and His. ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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Mass Production of Protein Nanoparticles 
Increases Occludin and ZO1 Tension and 
BBB Permeability in Response to 
Cytoskeletal Depolymerization
Intracellular OP is closely associated with protein nano-
particle changes. To elucidate the roles of PN-OP in 
occludin/ZO1 tension, we used cytochalasin D (Cyto D; 
10 μM), nocodazole (Noc; 100 μM), and acrylamide (Acr; 
2 mM) to depolymerize MFs, MTs and IFs, respectively, 
which resulted in mass production of protein nanoparti-
cles. Acr, Cyto D, or Noc treatment could significantly 
increase the occludin tension (Figure 6A and B). The 
TEER values decreased significantly under treatment 
with only Acr, Cyto D, or Noc, and cotreatment with all 
three depolymerizers (Figure 6C). Similarly, treatment 
with Acr, Cyto D, and Noc individually or together could 
significantly increase ZO1 tension. Cotreatment with Acr, 
Cyto D, and Noc could increase the ZO1 tension much 
more than treatment with each individual depolymerizer 
could (Figure 6D and E). The TEER values also decreased 
dramatically after treatment with Acr, Cyto D, or Noc 
individually or together (Figure 6F). FRAP tests were 
performed to determine the fluidity of occludin after cytos-
keleton depolymerization in an isotonic solution. We 

treated occludin probe-transfected cells with Acr, Cyto 
D, Noc, or Cyto D and Noc; the normalized FRAP ratios 
were 36.9%, 34.8%, 40.6%, and 47.2%, respectively. The 
normalized FRAP ratio increased significantly compared 
with the control group, in which the FRAP ratio was 
28.7% (Figure 6G). These data suggested that mass protein 
nanoparticle production could increase occludin/ZO1 ten-
sion and augment the permeability of the BBB in response 
to cytoskeleton depolymerization, which is closely related 
to intracellular OP increase.

Protein Nanoparticle Downregulation 
Plays a Role in Regulation of Occludin 
Tension in Response to BBB Lesion 
Stimuli
Stabilization of cytoskeletal structure could effectively 
attenuate intracellular protein nanoparticle production and 
the related OP. To determine the effects of PN on occludin 
tension in BBB lesions, MF and MT stabilizers were used 
to restore intracellular PN levels in cellular BBB lesion 
models. Occludin tension after cotreatment stabilizers of 
MF and MT with VEGF was significantly lower than that 
after VEGF treatment only (Figure 7A and B). Treatment 
with only JK and TAX did not affect the occludin tension 

Figure 5 FRAP tests to examine occludin probe mobility on cytomembranes. (A) Normalized FRAP recovery rate of occludin probe in HBMEC cells after treatment with 
VEGF, Glu, HP, and His. (B) Normalized FRAP recovery rate of occludin probe in HBMEC cells in response to VEGF+JK+TAX, Glu+JK+TAX, HP+JK+TAX, and His+ JK 
+TAX treatment (n = 8).
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(Figure 7A and B). Treatment with JK, TAX, and Glu 
caused a dramatic decrease in occludin tension compared 
to treatment with Glu only (Figure 7A and C). We then 
studied the roles of HP and His in occludin tension. 
Interestingly, cotreatment with JK and TAX could signifi-
cantly increase occludin tension in response to HP or His 
stimulation (Figure 7D–F).

These data suggested that the reduction of intracellular 
protein nanoparticles is involved in the recovery of occludin 
tension in BBB lesion models, and PN-OP modulates the 
permeability of the BBB via tension activity of tight junctions.

Inhibition of PN Production Could Block 
Nonselective BBB Permeability in vivo
In order to clarify the role of intracellular PN in BBB 
permeability in vivo, MF and MT stabilizers were used to 

restore intracellular PN levels in an adult male SD rat BBB 
lesion model; the schematic diagram of the experiment is 
shown in Figure 8A.31,32 The SD rats were injected with 
Evans Blue (EB), 10 minutes later, the SD rats were stereo-
tactically injected with PBS, VEGF, Glu, HP, His, PBS+JK 
+TAX, VEGF+JK+TAX, Glu+JK+TAX, HP+JK+TAX, 
and His+JK+TAX, respectively (Figure 8A). The changes 
in EB content could be used to determine BBB permeability 
in vivo.33–35 The body of the rats, including the eyes, ears, 
and feet turned blue after EB injection (Figure 8B). After 
EB injection, VEGF, Glu, HP, and His dissolved in PBS 
were injected into the rat brains and PBS was injected as 
a control. The four BBB lesion factors significantly pro-
moted BBB lesioning in the rat brain relative to the control. 
After treatment with the cytoskeleton stabilizers JK and 
TAX, the nonselective permeability of the BBB in the rat 

Figure 6 Changes in occludin/ZO1 tension and occludin mobility induced by cytoskeleton depolymerizers. (A and D) Fluorescence images of (A) occludin and (D) ZO1 
probe-transfected HBMEC cells treated with of Acr, Cyto D, Noc, or Cyto D+Noc in 15 min. (B and E) Normalized CFP/FRET ratio of (B) occludin/(E) ZO1 induced by the 
indicated agents in 15 min. Scale bar: 20 μm; the calibration bar was set from 0.40 to 1.28. (C and F) Normalized TEER values in (C) Occludin and (F) ZO1 probe- 
transfected HBMEC cells in response to treatment with cytoskeleton depolymerizers. Data are shown as mean ± SD, n ≥ 5; ***P < 0.001. (G) Normalized FRAP recovery 
rate of occludin probe in HBMEC cells treated with Acr, Cyto D, Noc, and Cyto D+Noc in isotonic conditions (n = 8).
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brain reduced dramatically (Figure 8C). Quantitative ana-
lysis of EB extravasation in the coronal section of the rat 
brain confirmed this result (Figure 8F). The EB standard 
curve was calculated using the following equation: Y = 
0.00796X + 0.03398 (Figure 8D). The EB exosmosis from 
brain tissues was calculated using the equation. The four 
BBB lesion factors significantly increased EB exosmosis, 
and treatment with JK and TAX could reduce the EB con-
centration (Figure 8E).

Overall, these data indicated that inhibition of PN 
production could inhibit the nonselective permeability of 
the BBB via downregulation of OP in in vivo model.

Selected Herb Extracts Augment the 
Permeability of the BBB by Increasing 
Protein Nanoparticle-Related OP
Based on the Gibbs-Donnan equilibrium, we hypothesized 
a vital role for protein nanoparticle-related osmotic pres-
sure (PN-OP) in BBB injury.12,36 To elucidate the 

molecular mechanisms underlying PN-OP-related 
changes in BBB permeability, we studied the impact of 
various stimuli or herbs and their effective concentrations 
on the ion osmotic pressure (IOP) and PN-OP in HBMEC 
cells. We screened several herb extracts and selected 
Capsaicin, Borneol, Muscone, and α-Asarone, which 
could improve BBB permeability for subsequent 
experiments.37–42 The cytoplasmic osmotic pressure and 
the number of protein nanoparticles significantly 
increased when cells were treated with these compounds 
(Figure 9A). We also studied the size distribution of 
cytoplasmic nanoparticles. Cytoplasmic granules were 
smaller in size, and the number of nanoparticles was 
significantly higher (Figure 9B) after treatment with the 
herbal compounds. Intracellular calcium and chloride ion 
concentrations were measured using Fluo-4 AM dye and 
MQAE tests over 15 min. The cytoplasmic calcium 
(Figure 9C) and chloride (Figure 9D) ions concentrations 
were significantly higher in the herbs-treated groups than 
in the control group.

Figure 7 Effects of cytoskeleton stabilizers on occludin tension in HBMEC cells treated with BBB lesion agents. (A) Fluorescence images of occludin probe-transfected 
HBMEC cells treated with con, con+JK+TAX, VEGF, VEGF+JK+TAX, Glu, or Glu+JK+TAX, for 15 min. (B) Normalized CFP/FRET ratio in occludin probe-transfected 
HBMEC cells vs time (15 min) after treatment with con, con+JK+TAX, VEGF, and VEGF+JK+TAX. (C) Normalized CFP/FRET ratio in occludin probe-transfected HBMEC 
cells vs time (15 min) after treatment with con, con+JK+TAX, Glu, and Glu+JK+TAX. (D) Fluorescence images of occludin probe-transfected HBMEC cells treated with HP, 
HP+JK+TAX, His, and His +JK+TAX for 15 min. (E) The normalized CFP/FRET ratio in occludin probe-transfected HBMEC cells vs time (15 min) after treatment with con, 
con+JK+TAX, HP, and HP+JK+TAX. (F) The normalized CFP/FRET ratio in occludin probe-transfected HBMEC cells vs time (15 min) after treatment with con, con +JK 
+TAX, His, and His +JK+TAX. Data are presented as mean ± SEM; n ≥ 5; Scale bar: 20 μm; The calibration bar was set from 0.40 to 1.28.
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Figure 8 Roles of BBB lesion factors and cytoskeleton stabilizers in rat brain BBB permeability. (A) Schematic representation of experimental design. 4% Evans Blue (EB, 4mL/kg) was 
injected to SD rats, after 10 minutes, brain stereotactic injection into brain, transcardiac perfusion was performed after 4 hours. Remove the brains and detect EB. (B) Images of SD rat 
head and overall body 10 min after injection of Control and EB. (C) PBS, VEGF, Glu, HP, His, or PBS+JK+TAX, VEGF+JK+TAX, Glu+JK+TAX, HP+JK+TAX, His+JK+TAX were 
stereotactically injected into rat brains after EB injection, respectively. Brain images were taken to observe EB infiltration after brain stereotactic injection and transcardiac perfusion. (D) EB 
standard curve. 0, 0.625, 1.25, 2.5, 5, and 10 μM concentration of EB solutions were made and OD value of absorption was measured. The equation y= 0.00796x+0.03398 (R2=0.9991) was 
used to calculate EB absorption. (E) Quantification of EB exosmosis concentration (μM) in rat brain. PBS, PBS+JK+TAX, VEGF, VEGF+JK+TAX, Glu, Glu+JK+TAX, HP, HP+JK+TAX, His 
and His+JK+TAX groups were measured, respectively. ns: no significance, **P < 0.01. (F) Normalization of EB extravasation in coronal slices of rat brain obtained. PBS, PBS+JK+TAX, 
VEGF, VEGF+JK+TAX, Glu, Glu+JK+TAX, HP, HP+JK+TAX, His and His+JK+TAX groups were quantified, respectively. ns: no significance, **P < 0.01, ***P < 0.001, n=3.
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Figure 9 Screening of herbs that increase cytoplasmic ion or protein nanoparticle-related OP. (A) Cytoplasmic osmolality (mOsm/kg) (left) and count rate of protein 
nanoparticle (Kcps) (right) in HBMEC cells induced with Isot, LPS, TNF-α, Ang- II, Capsaicin, Borneol, Muscone, and α-Asarone in isotonic conditions. **P < 0.01, ***P < 
0.001. (B) Cytoplasmic protein nanoparticle size distribution value in HBMEC cells induced with Isot, LPS, TNF-α, Ang-II, Capsaicin, Borneol, Muscone, and α-Asarone, 
respectively, in isotonic condition. (C) Changes in fluorescence intensity (FLUO-4 ratio, Ft/F0) of cytoplasmic calcium ions (Ca2+) in HBMEC cells for 15 min. Control, LPS, 
TNF-α, and Ang-II-treated groups were measured every 3 min (3, 6, 9, 12, 15 min) on the left. Control, Borneol, Muscone, α-Asarone, and Capsaicin-treated groups were 
measured every 3 min (3, 6, 9, 12, 15 min) on the right. (D) Changes in fluorescence intensity (MQAE ratio, F0/Ft) of intracellular chloride ions (Cl−) in HBMEC cells every 3 
min (3, 6, 9, 12, 15 min) in 15 min. Control, LPS, TNF-α, and Ang-II-treated groups were on the left. Control, Borneol, Muscone, α-Asarone, and Capsaicin-treated groups 
were on the right. Data are presented as mean ± SEM, n ≥ 5.
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In summary, augmentation of PN-OP is a common 
mechanism underlying BBB lesion elicited by various 
herb extracts and could mediate BBB permeability. PN- 
OP is also closely associated with intracellular ion 
increase, especially of calcium ions.

Discussion
Intracellular tension activity plays a vital role in structural 
and functional changes of the BBB; abnormal tension 
activity could contribute to BBB breakdown or dysfunc-
tion, and is associated with several degenerative neurolo-
gical diseases such as stroke, Alzheimer’s disease, 
Parkinson’s disease, and glioblastoma.43 In this study, we 
found that BBB lesions were caused by increased cyto-
plasmic protein nanoparticle-related OP (PN-OP) and 
changes in occludin/ZO1 tension. Blocking of abnormal 
tension activity could reduce membrane fluidity and non-
selective drug influx, suggesting that intracellular tension 
activity plays an essential role in BBB dysfunction.

Intracellular osmotic pressure could be regulated by 
protein nanoparticle production, as suggested by the 
Donnan effect, according to which, under physiological 
pH conditions, protein nanoparticles such as actin and α/β- 
tubulin carry negative charges and mainly adsorb cytoplas-
mic cations (such as K+) thereby inducing extracellular 
cation (mainly Na+) influx. The accumulation of cations 
causes a charge gradient, leading to the influx of negative 
ions and eventually intracellular hyperosmolarity.12,44,45

Intracellular protein nanoparticle-related osmotic 
pressure was closely associated with BBB lesions. 
Some synthetic or natural compounds that promote the 
permeability of the blood–brain barrier can increase cyto-
plasmic ion concentration and mass protein nanoparticle 
production in endothelial cells. Further, MF and MT 
stabilization could reduce BBB lesion-factor-induced 
increase of ion concentration and OP. Moreover, activa-
tion of depolymerization factors is crucial for the upre-
gulation of intracellular ion content and OP, and 
contributes to BBB lesion. Finally, the antagonistic 
roles of MF and MT stabilization in the pathological 
changes of BBB permeability have been observed in 
in vivo models. Intracellular protein nanoparticle-related 
osmotic potential, a crucial tension factor, could play an 
important role in the regulation of nonselective BBB 
permeability, in accordance with previous studies that 
alteration of osmotic potential across membrane could 
result effectively in blood–brain barrier opening 
(OBBBO) or disruption.49–51

The transmembrane protein occludin and cytoplasmic 
attachment protein ZO1 are the main structural proteins of 
tight junctions (TJs) and have different tension distribu-
tions. Microfilament and microtubule pulling tensions 
could cause occludin/ZO1 tension.13,46 The results of this 
study suggest that the intracellular PN-OP is essential for 
the alteration of occludin/ZO1 tension. Recovery of PN- 
OP could effectively reverse the changes in occludin/ZO1 
tension, which is closely associated with intracellular con-
trollable tension activities (such as OP, MF, and MT 
forces) and their interactions. In addition, intracellular 
occludin/ZO1 tension changed after the treatment with 
different BBB lesion factors, indicating that occludin/ 
ZO1 tension is involved in BBB function, and could be 
an indirect factor affecting BBB permeability. Thus, intra-
cellular tension and the associated interactions are neces-
sary to maintain normal BBB structure and function.

Upregulation of membrane fluidity promotes nonselec-
tive drugs influx. The rapid membrane flow is character-
ized by the fluidity of lipids and transmembrane proteins. 
Membrane fluidity is regulated by the composition of fatty 
acids, and by cytoskeletal pull of cytoskeletons, which 
maintains and stabilizes the connections between trans-
membrane proteins and cytoskeleton tension.47,48 OP was 
thought to be involved in the regulation of membrane 
fluidity: changes in extracellular OP increased membrane 
fluidity. Hyperosmosis and hypoosmolality could promote 
membrane fluidity associated with MF and MT depoly-
merization (Figure S2). Further, the recovery of intracel-
lular OP due to cytoskeleton stabilization decreased 
transmembrane protein fluidity by cytoskeleton reorgani-
zation and recovery of intracellular OP (Figure 5). 
Moreover, PN-OP elicited by cytoskeleton depolymeriza-
tion also plays a role in occludin/ZO1 tension; different 
sources of tension including MF and MT forces, osmotic 
potential, and transmembrane protein tension function 
reciprocally in the regulation of membrane fluidity 
(Figure 6G). Our data support the hypothesis that PN-OP 
plays a vital role in BBB nonselective permeability via the 
regulation of plasma membrane fluidity.

We also screened herb extracts that can promote BBB 
permeability, such as borneol, musk ketone, α-asarone, and 
capsaicin, which shared similar mechanisms of BBB per-
meability modulation, caused a clear increase in intracel-
lular PN-OP, and upregulated intracellular calcium and 
chloride ion levels to various degrees. Thus, upregulation 
of intracellular osmotic potential energy due to increased 
intracellular protein nanoparticles, divalent ions, and PN- 
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OP could form a mechanism by which BBB non-selective 
permeability is regulated.

Conclusions
In conclusion, the results of this study suggested that 
intracellular tension activity is involved in BBB disrup-
tion, and the tight junction structure could be modulated 
by tension activity. However, the increase in intracellular 
osmotic pressure played crucial roles in changing BBB 
permeability, likely owing to the depolymerization of 
MFs or MTs and mass production of protein nanoparticles 
based on the Donnan effect. The outward tension of intra-
cellular osmotic potential also induced upregulation of 
membrane fluidity and promoted nonselective drug influx. 
Our studies suggest a crucial mechanical mechanism 
underlying BBB lesions, and protein nanoparticle-related 
osmotic pressure could be a novel therapeutic target for 
BBB lesion-related brain diseases, and possibly the devel-
opment of novel drugs that cross the blood–brain barrier.
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