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Aerosolized nicotine‑free e‑liquid base 
constituents exacerbates mitochondrial 
dysfunction and endothelial glycocalyx 
shedding via the AKT/GSK3β‑mPTP pathway 
in lung injury models
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Abstract 

Smoking has been recognized as a risk factor of cancer, heart disease, stroke, diabetes, and lung diseases such 
as chronic obstructive pulmonary disease, and nicotine appears to be the responsible component of tobacco 
smoke that affects lung development. While nicotine-free electronic cigarettes (e-cigarettes) are often promoted 
as a safer alternative to traditional smoking, recent evidence suggests that they might pose significant health risks. 
This study investigates the effects of nicotine-free e-cigarette vapor (ECV) on lung tissue and endothelial function. 
A mouse model of ECV-induced lung injury and human pulmonary microvascular endothelial cells (HPMVECs) were 
utilized to evaluate the impact of ECV exposure on mitochondrial function, endothelial cell viability, and glycocalyx 
shedding. ECV exposure significantly damages lung tissue, characterized by alveolar enlargement, inflammation, 
and vascular remodeling, indicative of emphysematous changes. In vitro, HPMVECs exposed to nicotine-free 
e-cigarette extract (ECE) demonstrated dose-dependent increases in mitochondrial reactive oxygen species (ROS), 
mitochondrial membrane depolarization, mPTP opening, and reduced ATP production, leading to enhanced 
endothelial permeability and glycocalyx degradation. The inhibition of mPTP opening with Cyclosporin A (CsA) 
was found to mitigate the mitochondrial dysfunction and glycocalyx damage induced by ECE, indicating a protective 
role of mPTP inhibition in preserving endothelial integrity. The AKT/GSK3β signaling pathway was identified as a key 
regulator of these processes, with ECE exposure downregulating p-AKT and p-GSK3β, thereby promoting mPTP 
opening. Activation of AKT signaling partially reversed these effects, highlighting the potential of targeting the AKT/
GSK3β-mPTP axis to mitigate the adverse effects of e-cigarette exposure on lung and endothelial function. These 
findings underscore the potential risks associated with nicotine-free e-cigarettes and suggest novel therapeutic 
targets for preventing lung injury progression.
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Introduction
Smoking is widely acknowledged as a significant risk 
factor for various serious health conditions, including 
cancer, heart disease, stroke, diabetes, and lung diseases 
such as chronic obstructive pulmonary disease (COPD) 
[1–4]. The harmful effects of smoking are largely 
attributed to nicotine, a key component in tobacco 
smoke, which plays a critical role in damaging lung 
tissue and impairing lung development [5]. Although 
nicotine exposure has been linked to the progression 
of several other systemic diseases, recent studies also 
indicate that nicotine-free products, such as certain 
electronic cigarettes (e-cigarettes), might pose potential 
risks to lung health [6].

E-cigarettes have been promoted as a less harmful 
alternative to traditional tobacco smoking [7]. However, 
emerging evidence suggests that e-cigarettes, including 
those that are nicotine-free, could still pose significant 
health risks [8]. Users who inhale e-cigarette vapor 
(ECV) are exposed to a complex mixture of chemicals 
and particulate matter, which induces oxidative stress, 
inflammation, and damage to lung tissue [8, 9]. Studies 
have shown that even without nicotine, e-cigarettes 
could induce inflammatory mediators release from 
COPD lung cells and potentially promote COPD 
occurrence and development [10]. Understanding the 
impact of nicotine-free e-cigarettes on lung health is 
crucial, particularly as their use continues to rise.

Mitochondrial dysfunction exerts a pivotal effect on 
chronic lung injury pathogenesis [11, 12]. The opening 
of the mitochondrial permeability transition pore 
(mPTP) is a crucial event resulting in the destruction 
of mitochondrial membrane potential, production 
of proapoptotic factors, and subsequent cell death 
[13, 14]. This mitochondrial damage contributes to 
endothelial dysfunction, a key feature in chronic 
lung injury, which impairs vascular homeostasis and 
promotes inflammation and tissue injury [15]. The 
endothelial glycocalyx, a protective microstructure 
layer on the vascular endothelium, is particularly 
vulnerable to oxidative stress and inflammation [16]. 
The vascular endothelial glycocalyx plays a vital role 
in endothelial function [17], since it is associated with 
microvascular reactivity, and regulates the crosstalk 
between the endothelium and blood components [18]. 
As recently reported, endothelial glycocalyx exerts 
a key effect on lung repair [19], and the endothelial 
glycocalyx impairment has been confirmed in chronic 
lung injury [20]. Therefore, damage to the endothelial 
glycocalyx might also exacerbate vascular permeability, 
inflammation, and the overall progression of chronic 
lung injury. Investigating the mechanisms underlying 

mPTP opening and endothelial glycocalyx injury is 
essential for developing targeted therapies to mitigate 
these effects.

The AKT/GSK3β pathway plays a crucial role in 
regulating cell survival, proliferation, and metabolism 
[21–23]. AKT activation results in the phosphorylation 
and repression of GSK3β, a kinase involved in numerous 
cellular processes [24]. Dysregulation of this pathway 
contributed to multiple diseases, including chronic 
lung injury [25]. As previously reported, the Akt-
GSK3β-mPTP signaling could regulate mitochondrial 
dysfunction, thereby promoting glucose oxidative 
stress-induced apoptosis of odontoblasts [26]; it also 
modulates OPA1 cleavage linked to mitochondrial 
dysfunction, thereby improving the apoptosis 
of osteoblasts induced by oxidative stress [27]. 
Importantly, decreased Akt activation was observed 
with electronic cigarette vape exposure. Therefore, it 
has been hypothesized that nicotine-free e-cigarette 
smoke promotes mPTP opening via the AKT/GSK3β 
signaling, leading to worsened mitochondrial function 
and endothelial glycocalyx damage.

For validating the hypothesis, an animal model of 
nicotine-free e-cigarette vapor (ECV)-induced lung 
injury and human pulmonary microvascular endothelial 
cells (HPMVEC) exposed to different concentrations 
of e-cigarette extract (ECE) were used to evaluate 
mitochondrial function, endothelial cell viability, and 
the integrity of the endothelial glycocalyx. The findings 
are expected to elucidate the molecular mechanisms by 
which e-cigarette smoke exacerbates lung injury and 
identify potential targets for therapeutic intervention.

Materials and methods
Establishment of animal model
Sixteen-week-old male C57BL/6J mice were purchased 
from Hunan SJA Laboratory Animal Co. Ltd 
(Changsha, China) and used in this study. The mice 
were acclimatized for 2 weeks before the experiments. 
Mice were placed in a chamber and subjected to 
exposure to e-liquid (nicotine free, propylene glycol/
vegetable glycerin is 50:50)-derived e-cigarette vapor 
(ECV), 5  days/week for 16  weeks, 4 times daily for 
30 min, 5 days/week. The total matter concentration in 
the chamber at 130 mg/m3. The vapor was generated by 
a commercial e-cigarette device (eVic Basic, JoyeTech, 
Shenzhen, China), equipped with a Tobeco Super Tank 
MINI with a 4  mL capacity and a 0.2 Ω coil made of 
Kanthal (iron/chromium/aluminum wire), which was 
set to a power output of 25 W, a voltage of 2.24 V, and a 
firing time of 5 s. This protocol was based on methods 
previously described [28].
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Preparation of bronchoalveolar lavage fluid (BALF)
After the final exposure, mice were euthanized with 
an overdose of isoflurane inhalation. The trachea was 
exposed, and a 20-gauge catheter was employed to 
cannulate. The lungs were subjected to 3 times lavage 
with 1 mL of sterile phosphate-buffered saline (PBS) each 
time, with the collected lavage fluid being pooled. The 
BALF was subjected to 10-min centrifugation at 300×g 
at 4 °C to pellet the cells. The collected supernatant was 
kept at −80 °C for subsequent analyses.

Histological analysis and assessment
Cross sections of lung tissues were prepared and stained 
with haematoxylin and eosin (H&E) for histological 
analysis. Mean linear intercept analysis was performed on 
the H&E-stained lung sections, which were imaged using 
an Olympus slide scanner (VS120-SS, Olympus, Tokyo, 
Japan). This analysis was used to determine and quantify 
the extent of emphysema. Five randomly selected fields, 
at 20× magnification, from the distal regions of each 
lung section were analyzed. A 10 × 10 square grid was 
overlaid on each field, with each small square measuring 
100  μm × 100  μm. The grid was positioned to avoid 
regions containing vasculature and airways. The number 
of alveolar walls intersecting each horizontal grid line was 
counted. The mean linear intercept was then calculated 
by first subtracting the distance occupied by blood vessels 
and airways from the total length of each horizontal grid 
line, and then dividing the remaining distance by the 
total number of alveolar surface intersections counted. 
The average mean linear intercept across the five grids 
was calculated and used as the final mean linear intercept 
value for each lung sample [29].

Immunohistochemistry
After being fixed and paraffin-embedded, lung tissue 
samples were sliced. Then, slices were deparaffinized and 
rehydrated before antigen retrieval. After eliminating 
endogenous peroxidase activity, slices were subjected 
to incubation with primary antibodies against α-SMA 
(14395-1-AP; Proteintech; Wuhan, China). Slices were 
washed, followed by incubation with HRP-labeled 
secondary antibodies. Next, DAB substrate was applied 
to visualize slices. The extent of staining was quantified 
using ImageJ software (version 1.47v; NIH, Bethesda, 
USA).

Immunofluorescence staining (IF staining)
HPMVECs were fixed with 4% paraformaldehyde for 
15  min at room temperature. Permeabilization was 
performed with 0.1% Triton X-100 for 10 min, followed 
by blocking with 5% BSA for 1 h at room temperature to 

reduce non-specific binding. After blocking, cells were 
incubated overnight at 4  °C with primary antibodies 
against CD31 (11265-1-AP, Proteintech), α-SMA 
(14395-1-AP, Proteintech), and Syndecan-1 (ab128936, 
Abcam, Cambridge, USA). Following primary antibody 
incubation, cells were washed three times with PBS, and 
then incubated with FITC- or Cy5-labeled secondary 
antibodies (Beyotime, Shanghai, China) for 1 h at room 
temperature. For tissue sections, a similar protocol 
was followed, using FITC- or Cy5-labeled secondary 
antibodies. Nuclei were counterstained with DAPI for 
10  min. Fluorescence images were acquired using a 
inverted microscope (CKX53; Olympus, Tokyo, Japan) 
equipped with a fluorescence module from Shanghai 
Qibu Biotechnology Co., Ltd (BSW-CKX-UVBG-LED; 
Shanghai, China). The following settings were applied 
during image acquisition: Illumination Power: Optimized 
according to fluorophore-specific requirements; 
Exposure times: 200–300 ms for blue light, 500–700 ms 
for green light, 1–3  s for red light; Magnification: 100× 
(scale: 100  μm), 200× (scale: 50  μm), and 400× (scale: 
20  μm) using appropriate objective lenses; Numerical 
Aperture: selected based on the objective lens used for 
each magnification to ensure high resolution. For image 
analysis, ImageJ software (version 1.47v; NIH) was used 
to assess protein localization and expression levels. Image 
quantification was performed by measuring fluorescence 
intensity and calculating the area of positive staining for 
each marker.

Enzyme‑linked immunosorbent assay (ELISA) 
and biochemistry analysis
Cell culture supernatants and lung tissue homogenates 
were collected to measure TNF-α (CSB-E04741m; 
CSB-E04740h; Cusabio, Wuhan, China), IL-6 (CSB-
E04639m; CSB-E04639h; Cusabio), MMP-9 (CSB-
E08007m; CSB-E08007h, Cusabio), MDA (BC0025; 
Solarbio, Beijing, China), SOD (A001-3-2; Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China), 
and Syndecan-1 (ab273165; ab46506; Abcam) levels 
using commercial ELISA kits or biochemistry kits as 
per the protocols of the manufacturer. A microplate 
reader (BioTek, Winooski, USA) was applied to 
measure absorbance at the appropriate wavelength, and 
concentrations were calculated according to standard 
curves.

Cell culture and treatment
Human pulmonary microvascular endothelial cells 
(HPMVEC) were procured from PromoCell (C-12281; 
St. Louis, USA) and cultivated in endothelial cell 
growth media containing 0.4% endothelial cell 
growth factor, 10  ng/mL recombinant human 
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epidermal growth factor, 90  μg/mL heparin, 1  μg/mL 
hydrocortisone, 1% antibiotics, and 5% fetal calf serum. 
Cells between passages 2 and 6 were used. Before 
treatment, cells were serum-starved with 1% fetal calf 
serum for 24  h. The e-cigarette extracts (ECE) were 
prepared as previously described [30]. The vapor from 
0.8  mL nicotine-free e-liquid was bubbled in a Falcon 
tube containing 10  ml complete culture medium; the 
preparation is considered a 100% ECE. After sterile-
filtered by 0.22  μm filter, ECE was diluted to final 
concentrations of 10%, 20%, and 30% with complete 
culture medium for treatment (L-ECE, M-ECE and 
H-ECE). Control cells received no ECE exposure. For 
mPTP block or AKT activation, HPMVECs received 
pre-treatment with 10  µM CsA (mPTP blocker) or 
4 μg/mL SC79 (AKT activator) before exposure to 30% 
ECE for 24 h [31].

Immunoblotting
After lysing the cells, a BCA assay was employed to 
determine protein contents. Following electrophoresis 
by SDS-PAGE, equal amounts of proteins were 
electroblotted from the gel onto PVDF membranes. 
Membranes were subjected to blocking with 5% skim 
milk, followed by an overnight incubation at 4  °C with 
primary antibodies against p-AKT (Y011054, Affinity, 
Changzhou, China), AKT (Y409094, Affinity), p-GSK3β 
(Ser9; ab75814, Abcam), GSK3β (ab32391, Abcam), 
and GAPDH (60004-1-IG, Proteintech). Membranes 
were washed, followed by incubation with HRP-labeled 
secondary antibodies. An ECL detection system (Bio-
Rad, Hercules, USA) was utilized to visualize, and 
densitometry was used to quantify protein bands.

Quantitative reverse transcription polymerase chain 
reaction (qRT‑PCR)
The RNeasy Mini Kit (QIAGEN, Duesseldorf, Germany) 
was employed as per the protocols of the manufacturer 
to extract total RNA from target cells. A NanoDrop 
spectrophotometer (Thermo Fisher Scientific, 
Waltham, USA) was applied to assess RNA purity 
and concentration. The High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Foster City, 
USA) was utilized to synthesize cDNA from 1 µg of total 
RNA. The Power SYBR Green PCR Master Mix (Applied 
Biosystems) on a StepOnePlus Real-Time PCR System 
(Applied Biosystems) was used to perform quantitative 
PCR. Specific primers (listed in Table S1) for TNF-αand 
IL-6 were used, with GAPDH serving as the internal 
reference. The 2−ΔΔCt method was applied to calculate 
relative gene expression.

Determination of mitochondrial DNA release
HPMVECs were exposed to different treatments and 
then were divided into two equal parts. Resuspend 
the first part in 500  μL of DNA extraction buffer 
(Tiangen, Beijing, China). This resulting extract was 
used as a normalized control for the total amount of 
mtDNA. Resuspend the second part in 500  μL buffer 
composed of 25  mg/mL digitonin, 150  mM NaCl, and 
50  mM HEPES (pH 7.4). Cell membranes were then 
permeabilized by incubation at room temperature for 
10  min. Following this, the sample was centrifuged at 
1000×g for 10 min to pellet intact cells. The supernatant 
containing the cytosol was carefully transferred to a 
new tube and then subjected to further centrifugation 
at 17,000×g for 10 min to remove any remaining cellular 
debris. The DNA present in the cytosolic fraction and 
whole-cell extracts was isolated using a DNA isolation 
kit from Tiangen. The mtDNA/nuclear DNA (nDNA) 
ratio was calculated to determine the mtDNA copy 
number. mtDNA was determined using primers for 
mitochondrial-specific genes ND1, COX1 and D-Loop. 
The nDNA was determined using primers for 18S. The 
mtDNA/nDNA ratio was calculated to determine the 
mtDNA copy number. The sequence of primers is listed 
in Table S1.

Mitochondrial reactive oxygen species (ROS) measurement
MitoSOX Red mitochondrial superoxide indicator 
(Invitrogen, Carlsbad, USA) was employed to assess 
mitochondrial ROS levels. HPMVEC were subjected to 
10-min incubation at 37 °C away from light with 5 µM 
MitoSOX Red reagent. Subsequently, cells were rinsed 
thrice in PBS to eliminate excess dye. A fluorescence 
microscope (excitation wavelength: 510  nm; emission 
wavelength: 580  nm) was employed to measure 
fluorescence intensity. ImageJ software was applied to 
perform quantitative analysis of fluorescence images.

Mitochondrial membrane potential assessment
JC-1 dye (Invitrogen) was utilized to evaluate 
mitochondrial membrane potential. HPMVEC were 
subjected to 20-min incubation at 37  °C with 2  µM 
JC-1 dye. Subsequently, after two washings, cells 
were re-suspended in fresh media. A fluorescence 
microscope was used to measure fluorescence. Changes 
in mitochondrial membrane potential were assessed by 
calculating the ratio of red fluorescence (aggregates) 
to green fluorescence (monomers), with a decreased 
ratio indicating depolarization of the mitochondrial 
membrane.
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mPTP opening assay
A mitochondrial permeability transition pore assay 
kit (C2009S, Beyotime) was employed to detect mPTP 
opening. HPMVEC were loaded with a calcein-AM 
and CoCl2 mixture as per the kit’s instructions. A 
fluorescence microscope (excitation wavelength: 
488  nm; emission wavelength: 505  nm) was used 
to observe fluorescence intensity. A decrease in 
calcein fluorescence indicated mPTP opening. The 
fluorescence intensity was normalized to control values 
to quantify the extent of mPTP opening.

ATP level measurement
A CellTiter-Glo® One Solution Assay kit (Promega, 
Madison, USA) was employed to measure intracellular 
ATP levels. HPMVEC incubated with CellTiter-Glo® 
One Solution in 96 well for 2 min on shaker to induced 
cell lysis. A microplate reader was applied to measure 
luminescence after 10  min. ATP concentrations were 
determined by comparison with an ATP standard curve, 
with normalization to cell numbers.

Endothelial permeability assay
A FITC-dextran leakage assay was employed to 
assess endothelial permeability. Confluent HPMVEC 
monolayers were cultured upon Transwell inserts with 
a 0.4  µm pore size (Corning Incorporated, Corning, 
USA). After various treatments, the top chamber of the 
Transwell insert was supplemented with 1 mg/mL FITC-
dextran (Sigma-Aldrich, St. Louis, USA). After being 
incubated at 37 °C for 1 h at dark, 100 µL specimens were 
harvested from the lower chamber, and a microplate 
reader (excitation wavelength: 485  nm; emission 
wavelength: 530  nm) was utilized to measure the 
fluorescence intensity. The relative fluorescence intensity 
was normalized to the control group.

Statistical analysis
GraphPad Prism version 8.0 (GraphPad Software, 
San Diego, USA) was applied to analyze data. The 
animal experiments were performed at least six times 
independently. The cell experiments were performed at 
least in triplicate independently. Data were presented in 

terms of mean ± standard deviation (SD). The Shapiro–
Wilk test was used to assess the data distribution 
normality. For normally distributed data, one-way 
analysis of variance (ANOVA) followed by Tukey’s post 
hoc test was performed to assess comparisons among 
groups, and Student’s t test was conducted to assess 
comparisons between two groups. For non-normally 
distributed data, the Kruskal–Wallis test followed by 
Dunn’s post hoc test was used. A p value greater than 
0.05 means that no significant effect was observed.

Results
Nicotine‑free e‑cigarette (e‑cig) induces lung tissue 
damage in mice
First, for evaluating the alterations in lung tissues 
caused by nicotine-free e-cigarette, a lung damage 
model was established in mice by e-cig stimulation as 
described. Histological analysis of lung tissues revealed 
significant structural alterations within the lung tissues 
of nicotine-free e-cigarette vapor (ECV) mice compared 
to control mice. Specifically, the e-cig group exhibited 
increased lung tissue damage, including alveolar wall 
thickening and inflammatory cell infiltration, indicative 
of emphysematous changes (Fig.  1A). Quantitative 
analysis of alveolar size by measuring mean linear 
intercept demonstrated that the alveolar size was 
significantly increased within the e-cig mice relative 
to normal controls, suggesting alveolar enlargement 
and destruction typically associated with emphysema 
(Fig.  1B). IF staining showed no obvious changes in 
CD31 levels and a remarkable elevation in α-SMA levels 
in the lung tissues of ECV mice, suggesting airway 
remodeling and fibrosis (Fig.  1C). IHC staining further 
confirmed the increase in α-SMA levels in the muscular 
arteries of lung tissues from the e-cig mice relative to 
normal controls (Fig.  1D). Quantitative analysis of the 
muscular artery wall area, wall thickness, wall thickness 
percentage (WT%), and wall area percentage (WA%) 
revealed significant increases in these parameters in 
the e-cig mice relative to normal controls, indicating 
vascular remodeling associated with chronic lung injury 
(Fig. 1E). ELISA measurements indicated elevated levels 
of inflammatory mediators TNF-α and IL-6, as well 

(See figure on next page.)
Fig. 1  Nicotine-free e-cigarette vapor (ECV) induces lung tissue damage in mice. A lung damage model was established in mice by ECV stimulation 
as described. A Representative images of hematoxylin and eosin (H&E) staining of histopathological changes in mouse lung tissues from control 
and nicotine-free ECV exposed groups. Upper: magnification = ×100; down: magnification = ×200. B Quantification of alveolar size in control 
and ECV-exposed mouse lung tissues based on H&E staining. C Immunofluorescence staining (IF staining) of mouse lung tissues detecting CD31 
and α-SMA levels. D Immunohistochemical (IHC) analysis of α-SMA levels in mouse lung tissues. E Quantification of the muscular artery wall area, 
wall thickness, WA%, and WT% in mouse lung tissues based on IF and IHC staining. F,G Quantification of TNF-α, IL-6, MMP-9, MDA, and SOD levels 
in mouse lung tissues. ** p < 0.01, vs. Control
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Fig. 1  (See legend on previous page.)
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as matrix metalloproteinase-9 (MMP-9) in the lung 
tissues of ECV mice (Fig.  1F). Additionally, markers of 
oxidative stress, including malondialdehyde (MDA), 
were significantly increased, while superoxide dismutase 
(SOD) levels were decreased, indicating heightened 
oxidative stress and impaired antioxidant defense 
mechanisms (Fig.  1G). These results demonstrate 
that exposure to ECV induces significant lung tissue 
damage, characterized by alveolar enlargement, vascular 
remodeling, and increased inflammatory and oxidative 
stress markers.

Nicotine‑free e‑cigarette induces glycocalyx shedding 
and endothelial cell damage in vivo and in vitro
MMP-9 is the marker of endothelial glycocalyx shedding 
through the degradation of Syndecan-1 [32]. Since 
elevated levels of MMP-9 were observed, and the 
mice also exhibited emphysema, which is associated 
with increased endothelial cell permeability, it was 
investigated whether endothelial glycocalyx damage 
was induced. ELISA-based quantification revealed a 
remarkable reduction in Syndecan-1 levels in mouse 
lung tissues of the e-cig mice relative to normal controls, 
indicating glycocalyx shedding (Fig. 2A). Conversely, the 
Syndecan-1 levels in BALF showed to be marked elevated 
within the mice, further supporting the occurrence of 
glycocalyx shedding (Fig. 2B). IF staining of mouse lung 
tissues demonstrated a notable reduction in Syndecan-1 
expression and an unaltered CD31 expression within 
the e-cig mice relative to normal controls, indicating a 
disrupted endothelial glycocalyx in mice exposed to ECV 
(Fig. 2C).

In vitro experiments with HPMVECs demonstrated 
that TNF-α and IL-6 protein contents within the culture 
medium were increased dose-dependently following 
exposure to low (L-ECE), medium (M-ECE), and high 
(H-ECE) concentrations of e-cigarette extract (ECE) 
compared to control cells (Fig.  2D). Similarly, qRT-PCR 
indicated that TNF-α and IL-6 mRNA levels within 
HPMVECs exposed to ECE were significantly increased 
dose-dependently (Fig.  2E). ELISA revealed that MDA 
levels were significantly increased dose-dependently, 
whereas SOD levels were decreased in HPMVECs, 

indicating enhanced oxidative stress with higher ECE 
concentrations (Fig.  2F). Additionally, MMP-9 and 
Syndecan-1 levels in the culture medium of HPMVECs 
were dramatically increased dose-dependently following 
ECE exposure, suggesting increased glycocalyx shedding 
and increased extracellular matrix remodeling (Fig. 2G). 
IF staining of HPMVECs revealed a dose-dependent 
reduction in Syndecan-1 levels with increasing 
concentrations of ECE, indicating enhanced glycocalyx 
shedding by higher doses of ECE (Fig.  2H). Finally, 
the FITC-dextran leakage assay demonstrated that 
endothelial cell permeability was significantly increased 
dose-dependently with ECE exposure, indicating 
compromised endothelial barrier function (Fig.  2I). 
These results collectively demonstrate that nicotine-
free e-cigarette induces significant glycocalyx shedding 
and endothelial cell damage, both in  vivo and in  vitro, 
characterized by increased inflammatory cytokines, 
oxidative stress, and enhanced endothelial permeability.

Nicotine‑free e‑cigarette induces mitochondrial 
dysfunction in endothelial cells
Since mitochondrial dysfunction is related to endothelial 
damage, relevant indexes were evaluated. MitoSOX 
Red staining revealed that mitochondrial reactive 
oxygen species (ROS) levels were significantly increased 
within HPMVECs exposed to ECE. The increase 
in mitochondrial ROS levels was dose-dependent, 
with higher concentrations of ECE (L-ECE, M-ECE, 
and H-ECE) leading to progressively higher ROS 
levels compared to the control group (Fig.  3A). JC-1 
staining demonstrated alterations in mitochondrial 
membrane potential in HPMVECs exposed to various 
concentrations of ECE. Specifically, there was an 
elevation within JC-1 monomer (green fluorescence) 
intensity and a corresponding reduction within JC-1 
aggregate (red fluorescence) intensity with increasing 
ECE concentrations, indicating a dose-dependent 
depolarization of the mitochondrial membrane potential 
(Fig. 3B). The extent of mPTP opening was also assessed. 
A significant decrease in fluorescence intensity was 
observed with increasing ECE concentrations, indicating 
a dose-dependent upregulation within mPTP opening. 

Fig. 2  Nicotine-free e-cigarette vapor induces glycocalyx shedding and endothelial cell damage in vivo and in vitro. A ELISA-based quantification 
of Syndecan-1 levels in mouse lung tissues. B ELISA-based quantification of Syndecan-1 levels in bronchoalveolar lavage fluid (BALF) supernatant. 
C IF staining for CD31 and Syndecan-1 in mouse lung tissues reveals the localization and relative levels of CD31 and Syndecan-1. D ELISA-based 
quantification of TNF-α and IL-6 protein levels in the culture medium of HPMVECs E qRT-PCR detecting the mRNA expression levels of TNF-α 
and IL-6 in HPMVECs. F Quantification of malondialdehyde (MDA) and superoxide dismutase (SOD) levels in HPMVECs. G ELISA-based quantification 
of MMP-9 and Syndecan-1 levels in the culture medium of HPMVECs. H IF staining for Syndecan-1 in HPMVECs. I FITC-dextran leakage assay 
to assess endothelial cell permeability in HPMVECs. * p < 0.05, ** p < 0.01, vs. Control

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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The greatest mPTP opening was found in cells exposed 
to the highest concentration of ECE (H-ECE) (Fig.  3C). 
An ATP assay kit was employed to measure ATP levels, 

and ATP levels showed to be significantly reduced dose-
dependently within HPMVECs exposed to ECE. Higher 
concentrations of ECE (M-ECE and H-ECE) resulted 

Fig. 3  Nicotine-free e-cigarette induces mitochondrial dysfunction in endothelial cells. HPMVECs were exposed to different concentrations 
of nicotine-free ECE for 24 h. A MitoSOX Red staining was used to evaluate mitochondrial ROS levels in HPMVECs exposed to control, low, medium, 
and high concentrations of ECE. B JC-1 staining was used to assess mitochondrial membrane potential in HPMVECs. C The extent of mitochondrial 
permeability transition pore (mPTP) opening was measured using a mitochondrial permeability transition pore assay kit in HPMVECs. D ATP levels 
were measured using an ATP assay kit in HPMVECs. E The levels of cytosolic mitochondrial DNA (mtDNA) were quantified using real time-PCR 
in HPMVECs. * p < 0.05, ** p < 0.01, vs. Control
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in the most pronounced reductions in ATP levels, 
indicating severe impairment of mitochondrial function 
(Fig. 3D). PCR analysis of mitochondrial DNA (mtDNA) 
levels revealed a significant increase in cytosolic mtDNA-
specific genes (COX1, ND1) content in HPMVECs 
exposed to ECE. This increase was dose-dependent, 
with higher concentrations of ECE leading to higher 
mtDNA levels relative to normal controls (Fig.  3E). 
Taken together, exposure to ECE induces significant 
mitochondrial dysfunction in HPMVECs.

Inhibition of mPTP opening reverses ECE‑induced 
mitochondrial dysfunction in endothelial cells
After confirming ECE-induced mitochondrial 
dysfunction in HPMVECs, the involvement of the 
mPTP opening was investigated. The mPTP opening 
extent showed to be significantly decreased via the 
treatment with CsA, an mPTP inhibitor, compared with 
the ECE group (Fig. 4A). MitoSOX Red staining showed 
significantly reduced ROS levels by the treatment with 
CsA compared to the ECE group, demonstrating the 
protective effect of mPTP inhibition upon mitochondrial 
oxidative stress induced by ECE (Fig.  4B). JC-1 staining 
indicated the depolarization of the mitochondrial 
membrane potential within endothelial cells exposed 
to ECE was improved by CsA treatment, as evidenced 
by decreased JC-1 monomers (green fluorescence) and 
increased JC-1 aggregates (red fluorescence) compared 
to the ECE group (Fig.  4C). ATP levels showed to be 
dramatically increased by CsA treatment relative to the 
ECE treated group, demonstrating the protective effect 
of mPTP inhibition on ATP production (Fig. 4D). Lastly, 
cytosolic mtDNA levels were significantly decreased 
within CsA-treated endothelial cells relative to the 
ECE treated group, indicating that CsA reduced ECE-
induced mtDNA release to the cytosol (Fig.  4E). These 
results collectively demonstrate that inhibition of mPTP 
opening by CsA effectively reverses the mitochondrial 
dysfunction induced by ECE in endothelial cells.

Inhibition of mPTP opening reverses ECE‑induced 
endothelial inflammation, glycocalyx shedding, 
and permeability damage
Regarding endothelial inflammation, glycocalyx 
shedding, and permeability alterations, TNF-α and 
IL-6 protein contents were examined within the 
culture medium of endothelial cells using ELISA; these 
inflammatory cytokines showed to be reduced within the 
ECE + CsA treatment relative to the ECE treated alone, 
indicating that mPTP inhibition mitigates ECE-induced 
inflammation (Fig.  5A). Consistently, TNF-α and IL-6 
mRNA levels showed to be dramatically reduced within 
CsA-treated endothelial cells compared to those exposed 

to ECE alone (Fig.  5B). ELISA-based measurements 
demonstrated that CsA treatment significantly decreased 
MDA levels and increased SOD levels in endothelial 
cells exposed to ECE, indicating that mPTP inhibition by 
CsA reduces oxidative stress and enhances antioxidant 
defense mechanisms in endothelial cells (Fig.  5C). 
Syndecan-1 and MMP-9 levels within the culture media 
also showed to be remarkably reduced via CsA treatment 
in endothelial cells exposed to ECE, as measured by 
ELISA, suggesting that CsA could suppress the shedding 
of endothelial glycocalyx led by ECE exposure (Fig. 5D). 
IF staining for Syndecan-1 revealed increased expression 
of this glycocalyx component in endothelial cells treated 
with CsA compared to those exposed to ECE alone, 
suggesting that mPTP opening inhibition helps to 
maintain the integrity of the endothelial glycocalyx under 
ECE exposure (Fig. 5E). The FITC-dextran leakage assay 
demonstrated that CsA treatment significantly reduced 
endothelial cell permeability compared to ECE exposure 
alone, suggesting that mPTP inhibition by CsA could 
mitigate the barrier dysfunction induced by ECE in 
endothelial cells (Fig. 5F). These results demonstrate that 
inhibition of mPTP opening by CsA effectively reverses 
the endothelial inflammation, glycocalyx shedding, and 
permeability damage induced by ECE.

ECE promotes mPTP opening by regulating the AKT/GSK3β 
pathway
Regarding the underlying signaling pathway involved, the 
alterations in the AKT/GSK3β pathway were investigated. 
Immunoblotting was performed to detect phosphorylated 
AKT (p-AKT), total AKT, phosphorylated GSK3β 
(p-GSK3β, Ser9), and total GSK3β levels in endothelial 
cells stimulated with ECE or ECE plus SC79 (AKT 
agonist). Specifically, phosphorylated AKT (p-AKT) 
and phosphorylated GSK3β (p-GSK3β, Ser9) levels were 
markedly decreased within the ECE mice relative to 
normal controls. Treatment with SC79, an AKT agonist, 
partially restored p-AKT/AKT and p-GSK3β/GSK3β 
levels (Fig.  6A). The mPTP opening extent showed to 
be dramatically increased within the ECE relative to 
normal controls, as measured by a fluorescence assay kit. 
This increase in mPTP opening was partially reversed 
by treatment with SC79, suggesting that activation of 
the AKT pathway could mitigate ECE-induced mPTP 
opening (Fig.  6B). Consistently, a significant increase 
in cytosolic mtDNA content in endothelial cells of the 
ECE group relative to normal controls, whereas SC79 
treatment partially reduced the cytosolic mtDNA levels, 
indicating that activation of the AKT pathway improved 
ECE-induced mtDNA release (Fig.  6C). These results 
demonstrate that ECE promotes mPTP opening through 
the downregulation of the AKT/GSK3β pathway.
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Fig. 4  Inhibition of mPTP opening reverses ECE-induced mitochondrial dysfunction in endothelial cells. HPMVCs were exposed to the high 
concentration of ECE (30%) alone or co-treated with 10 μM CsA (mPTP inhibitor) for 24 h. A The extent of mitochondrial permeability transition 
pore (mPTP) opening was measured using a mitochondrial permeability transition pore assay kit in HPMVECs. B MitoSOX Red staining was used 
to evaluate mitochondrial ROS levels in HPMVECs. C JC-1 staining was used to assess mitochondrial membrane potential in HPMVECs. D ATP levels 
were measured using an ATP assay kit in HPMVECs. E Real time-PCR analysis of cytosolic mtDNA levels in HPMVECs. ** p < 0.01, vs. ECE
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Discussion
This study reveals that exposure to nicotine-free ECV 
induces significant lung tissue damage, endothelial 
glycocalyx shedding, and mitochondrial dysfunction. 
In mice, nicotine-free ECV exposure led to alveolar 
enlargement, inflammatory cell infiltration, and 
vascular remodeling, indicative of emphysematous 
changes. In  vitro, HPMVECs exposed to ECE 
showed increased levels of proinflammatory factors 
(TNF-α and IL-6), oxidative stress markers (MDA), 
and endothelial permeability, along with decreased 
antioxidant defenses (SOD) and glycocalyx components 
(Syndecan-1). Mitochondrial assessments revealed 

elevated mitochondrial ROS, depolarized mitochondrial 
membrane potential, enhanced mPTP opening, and 
reduced ATP production. CsA-induced mPTP opening 
inhibition reversed these mitochondrial dysfunctions 
and mitigated endothelial glycocalyx shedding and 
permeability damage. The study also identified the AKT/
GSK3β pathway as a key regulator in these processes, 
where ECE downregulated p-AKT and p-GSK3β, 
promoting mPTP opening, which was partially reversed 
by the AKT agonist SC79. These findings demonstrate the 
adverse effects of nicotine-free e-cigarettes on lung and 
endothelial function, mediated through mitochondrial 
dysfunction and the AKT/GSK3β pathway.

Fig. 5  Inhibition of mPTP opening reverses ECE-induced endothelial inflammation, glycocalyx shedding, and permeability damage. HPMVECs were 
exposed to high concentration of ECE (30%) alone or co-treated with 10 μM CsA (mPTP inhibitor) for 24 h. A ELISA-based quantification of TNF-α 
and IL-6 protein levels in the culture medium of HPMVECs. B qRT-PCR detecting TNF-α and IL-6 mRNA levels in HPMVECs. C Quantification of MDA 
and SOD levels in HPMVECs. D ELISA-based quantification of Syndecan-1 and MMP-9 levels in the culture medium of HPMVECs. E IF staining 
for Syndecan-1 in HPMVECs. F FITC-dextran leakage assay to assess endothelial cell permeability in HPMVECs. ** p < 0.01, vs. ECE
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E-cigarette or vaping product use-associated lung 
injury is an acute or subacute respiratory illness 
characterized by a spectrum of clinicopathologic findings 
mimicking various pulmonary diseases [33]. Although 
nicotine itself exhibits negative effects on pulmonary 
variables [34, 35], several studies revealed that the effects 
of e-cigarettes are nicotine-independent and associated 
with other components of the e-cigarette liquid or 
aerosol [36]. Herein, exposure to nicotine-free ECV 
induced significant structural damage in lung tissues, 
characterized by alveolar enlargement, inflammatory 
cell infiltration, and vascular remodeling [37], which 
are consistent with the emphysematous alterations 
commonly observed in COPD. In  vitro experiments 
further demonstrated that HPMVEC exposure to 
ECE resulted in a dose-dependent upregulation in 
proinflammatory factors (TNF-α and IL-6), oxidative 

stress (MDA levels), and endothelial permeability, 
coupled with a decrease in antioxidant defenses (SOD 
levels) [38], suggesting a disrupted endothelial barrier 
function [39]. More importantly, elevated Syndecan-1 
in BALF, and the corresponding decrease in Syndecan-1 
in lung tissues were observed in ECV-stimulated mice, 
indicating endothelial glycocalyx shedding [32].

The pulmonary vasculature, with a total surface area 
of 90  m2 [40], is bordered by a continuous endothelial 
cell monolayer coated upon the luminal side by the 
glycocalyx, a network of membrane-bound proteoglycans 
and glycoproteins linked to processes including cell–
cell signaling and hemostasis [41]. Cigarette smoke has 
been proven to induce endothelial glycocalyx damage 
and emphysematous alterations within both mouse 
and human tissue samples [20]. In this study, HPMVEC 
exposure to ECE significantly impaired mitochondrial 

Fig. 6  ECE promotes mPTP opening by regulating the AKT/GSK3β pathway. HPMVECs were exposed to the high concentration of ECE (30%) alone 
or co-treated with 4 μg/mL SC79 (AKT agonist) for 24 h. A Immunoblotting was performed to detect the levels of phosphorylated AKT (p-AKT), 
total AKT, phosphorylated GSK3β (p-GSK3β, Ser9), total GSK3β, and GAPDH in HPMVECs. B The extent of mPTP opening was measured using 
a fluorescence assay kit in HPMVECs. C Real time-PCR detecting cytosolic mtDNA levels in cytosol of HPMVECs. ** p < 0.01, vs. Control; # p < 0.05, 
## p < 0.01, vs. ECE
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function, indicated by increased mitochondrial ROS, 
depolarization of the mitochondrial membrane 
potential, enhanced mPTP opening, and reduced ATP 
production. Elevated mitochondrial ROS levels suggest 
oxidative stress, which could damage mitochondrial 
DNA, proteins, and lipids, impairing function and 
triggering cell death pathways [38]. In endothelial 
cells, increased ROS disrupts cellular signaling and 
promotes inflammation and vascular dysfunction, 
leading to compromised pulmonary blood flow and 
gas exchange [42], exacerbating disease symptoms. 
Depolarization of the mitochondrial membrane 
potential, essential for ATP production via the electron 
transport chain, indicates a loss of membrane integrity 
and mitochondrial dysfunction, reducing ATP synthesis 
and promoting mPTP opening [43]. Reduced ATP 
production in endothelial cells impairs functions critical 
for maintaining pulmonary vasculature integrity [44], 
contributing to tissue hypoxia and further lung damage.

Enhanced mPTP opening, a hallmark of mitochondrial 
distress, disrupts function and releases pro-apoptotic 
factors, increasing endothelial cell apoptosis and 
permeability, worsening vascular remodeling and 
inflammation [45]. Interestingly, in this study, CsA-
induced mPTP opening inhibition effectively reversed 
ECE-elicited mitochondrial dysfunction via reducing 
ROS levels, increasing mitochondrial membrane 
potential, and improving ATP production. In lung injury, 
reducing ROS levels could alleviate oxidative stress, 
decreasing chronic inflammation and lung tissue damage 
[46]. By restoring mitochondrial membrane potential, 
CsA treatment helps maintain ATP production, 
ensuring endothelial functions such as maintaining 
barrier integrity and repairing damaged tissues [47]. 
CsA treatment also mitigated endothelial glycocalyx 
shedding and permeability alterations, suggesting that 
targeting mPTP could protect endothelial cells from 
e-cigarette-induced damage, preserving the glycocalyx 
and maintaining endothelial barrier function, which is 
crucial in preventing excessive vascular permeability and 
inflammation in lung injury.

As previously reported, the Akt-GSK3β-mPTP 
signaling could regulate the mitochondrial dysfunction, 
thereby promoting glucose oxidative stress-induced 
apoptosis of odontoblasts [26]; it also modulates 
mitochondrial dysfunction linked to OPA1 cleavage, 
which might improve the apoptosis of osteoblasts 
induced by oxidative stress [27]. In this study, HPMVEC 
exposure to ECE downregulated p-AKT and p-GSK3β, 
promoting mPTP opening and suggesting that disruption 
of this signaling exerts a pivotal effect on mitochondrial 
impairment and subsequent endothelial dysfunction. 
SC79-induced AKT signaling activation partially 

reversed these effects, highlighting the potential of 
targeting this pathway to mitigate mitochondrial and 
endothelial damage caused by ECE.

This study has several limitations that must be 
considered when interpreting the findings. One major 
limitation is that the research was conducted solely 
in mice and cell models, which may not fully represent 
the complexity of human systems. Therefore, the 
findings cannot be directly translated to humans 
without further validation. Additionally, our laboratory 
lacks the appropriate equipment to assess endothelial 
cell permeability in real time. Furthermore, the study 
also focused on short-term effects, and the long-term 
impact of the intervention remains unclear. To address 
these limitations, future research should focus on 
validating these findings in more complex systems, 
such as monkeys that better mimic human conditions, 
and ultimately, clinical trials in humans. Incorporating 
Electric Cell-Substrate Impedance Sensing (ECIS) system 
for endothelial permeability analysis would also provide 
deeper insights into the real-time effects on endothelial 
function. Additionally, future studies should explore 
other signaling pathways that may interact with those 
identified in this study.

In conclusion, this study demonstrates that exposure 
to nicotine-free e-cigarettes induces significant lung 
tissue damage, endothelial glycocalyx shedding, 
and mitochondrial dysfunction, mediated through 
the disruption of the AKT/GSK3β-mPTP pathway, 
highlighting the potential therapeutic benefits of 
targeting this pathway to mitigate the adverse effects of 
e-cigarette exposure on lung and endothelial function, 
particularly in the context of lung injury.
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