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Background: Acute lung injury (ALI) leads to diffuse pulmonary interstitial and alveolar edema, further developing into acute 
respiratory distress syndrome (ARDS). The present therapeutic approaches showed limited effects with poor clinical efficacy or severe 
side effects. This study aims to develop novel pharmaceutical agents to reduce lung damage with acceptable side effects for ALI.
Methods: Naked gene delivery system based on epigallocatechin 3-gallate (EGCG) was synthesized to deliver plasmid expressing 
DNA damage regulated autophagy modulator 1 (DRAM1), designated as EGCG/DRAM1 (ED). ED was characterized by dynamic 
light scattering analysis and transmission electron microscope. The biodistribution of ED in mice was measured by an in vivo small 
animal imaging system. The therapeutic potentials of ED were evaluated in MLE12 cells and LPS-induced ALI mice.
Results: Our results showed that ED was nearly spherical with a diameter of ~100 nm and increased the stability of DRAM1 plasmid 
that encapsulated. The synthesized ED showed negligible toxicity at the selected experimental concentration in MLE12 cells. ED 
could be taken up by MLE12 cells with high efficiency and escape from the lysosome. In ALI mice, ED facilitated the accumulation 
and retention of DRAM1 plasmid in lung, and attenuated pulmonary edema and pulmonary vascular permeability. The therapeutic 
effects of ED on ALI were associated with increased autophagy and reduced oxidative stress in lung.
Conclusion: In summary, ED attenuated pulmonary edema and pulmonary vascular permeability, and improved pulmonary dysfunction 
in ALI mice. This naked gene delivery system for autophagy enhancement may serve as a potential therapeutic strategy to attenuate ALI.
Keywords: acute lung injury, EGCG, DRAM1, autophagy, oxidative stress

Introduction
Acute lung injury (ALI) is the injury of alveolar epithelial cells and capillary endothelial cells caused by severe infection, 
trauma, shock, or inhalation of harmful gases. It is associated with diffuse pulmonary interstitial and alveolar edema that 
caused by severe inflammation and oxidative stress, and further develops into acute respiratory distress syndrome 
(ARDS).1,2 Although glucocorticosteroids are widely used for the treatment of ARDS in the clinical setting, there is 
no consensus on their efficacy and safety.3 Other inhaled antiasthmatics such as activated protein C, salbutamol and 
surfactants have been discontinued due to poor clinical efficacy or high side effects. Therefore, it is of great significance 
to develop novel pharmaceutical agents to reduce lung damage with acceptable side effects for ALI.

In eukaryotic cells, autophagy is a process in which misfolded proteins or damaged organelles are wrapped into 
vesicles, which fused with lysosomes to form autolysosomes and degraded the contents contained in them, so as to meet 
the metabolic needs of cells and renew some organelles.4,5 Autophagy after tissue injury, as an adaptive response, is 
beneficial to maintain cell homeostasis by removing cell debris and damaged organelles. Studies have shown that 
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autophagy is involved in the pathogenesis of ALI.6–8 Activation of autophagy played a protective role in ischemia/ 
reperfusion (I/R)-induced lung injury in mice.9 Fan et al found that promoting autophagy by proteasome inhibition 
protected rat alveolar macrophages from hypoxia-reoxygenation injury by suppressing endoplasmic reticulum stress.10 

Interestingly, inhibition of autophagy using 3-methyladenine aggravated A549 cells injury induced by lipopolysaccharide 
(LPS), while using 4-phenyl butyric acid to activate autophagy reduced LPS-induced inflammation and lung injury.11 

Therefore, targeting autophagy showed promise in the treatment of ALI.
DRAM1 (DNA damage regulated autophagy modulator 1) is a downstream target of p53 that induces autophagy to regulate 

apoptosis in response to cellular stresses.12 Recently, it has been reported that DRAM1 promoted the fusion of lysosomes with 
autophagosomes to facilitate the degradation of autophagic body, thereby regulating autophagy flux.13–15 Our recent work also 
found that DRAM1 interacted with Atg7, accompanied by increased Atg12-Atg5 conjugation, which promoted the bending and 
elongation of autophagosomes, accelerating autophagy flux and thereby reversing post-myocardial infarction heart remodeling.16

Epigallocatechin 3-gallate (EGCG) is a major active ingredient of green tea with anti-inflammatory, antioxidant, and 
anti-cancer effects.17,18 It has been shown that pulmonary targeted delivery of EGCG significantly suppressed inflam-
matory and the growth of mycobacterium tuberculosis by enhancing the autophagy.19 The anti-tumor effect of EGCG is 
partially mediated by the activation of autophagy in tumor cells.20 Autophagy enhanced by EGCG protected human 
aortic endothelial cells from oxidative stress-induced apoptosis.21 Despite diverse bioactivities, EGCG has poor bioavail-
ability with a short half-life (3.4 ± 0.3 h), which hampers its further development for clinical application.18,22 Previous 
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reports indicated that EGCG could assemble with nucleic acids or proteins into stable nanocomplexes via the formation 
of hydrogen bonds.23–25

In this study, we reported a strategy to fabricate nanoparticles for plasmid delivery. The nanoparticle consists of 
EGCG and plasmid encoding DRAM1 (EGCG/DRAM1). EGCG forms numerous hydrogen bonds and hydrophobic 
interactions with the DRAM1-expressing plasmid via hydroxyl-rich moieties, eventually becoming a stable nanocom-
plex. We hypothesized that EGCG/DRAM1 integrated the enhancement of autophagy induced by overexpressing 
DRAM1 and the antioxidative effects of EGCG to treat ALI. The EGCG/DRAM1 increased the expression of 
DRAM1 protein, which interacted with Atg7 and promoted the bending and elongation of autophagosomes to accelerate 
autophagy flux, thus reversing ALI. In addition, EGCG/DRAM1 increased the activity of superoxide dismutase (SOD) 
and decreased malondialdehyde (MDA) levels in ALI mice.

Material and Methods
The Synthesis of EGCG/DRAM1 Nanoparticles
EGCG (Lot#SLCK1721) and LPS (Lot#057M4013V) were obtained from Sigma-Aldrich. An expression cassette containing 
mouse DRAM1 (accession number NM_027878.3) and EYFP coding sequence was synthesized by Tsingke Biotechnology 
(Beijing, China) and cloned into pcDNA3(+) vector, so that DRAM1 was fused with EYFP by a GGSGG linker.

EGCG was dissolved in PBS with a pH of 7.4, which was then mixed with DRAM1 plasmid. The ratio of EGCG was further 
optimized to formulate the nanoparticles ([EGCG]/[DRAM1 plasmid]) = 10/1, 20/1, 30/1, 40/1, 50/1, 60/1, 70/1, 80/1, 90/1, and 
100/1). The mixtures were vortexed violently and allowed to rest for 30 min at room temperature. The formulated nanoparticles 
were named ED, which was collected by centrifugation at a speed of 20,000 × g at 4 °C. EGCG/DRAM1 plasmid = 50/1 was 
used in the following study. The EGCG/Null plasmid (EN) was prepared with null plasmid as a negative control.

Characterization of ED
ALI mice treated with 40 mg/kg EGCG showed the least Evans blue (EB) in the lungs compared to the mice treated with 
0, 10, 20 and 60 mg/kg EGCG (Supplement Figure 1C and D). Therefore, EGCG/DRAM1 nanoparticle was prepared by 
40 mg/kg EGCG and 3 µg/mL DRAM1 plasmid (Supplement Figure 2). A Nano ZS (Malvern, UK) was used to analyze 
the size, polydispersity index (PDI) and zeta potential. The morphologies of EGCG/DRAM1 nanoparticles were 
characterized by a transmission electron microscope (TEM, JEOL JEM-2100Plus 200 kV, Japan) at 100 kV and the 
RADIUS Software (EMSIS GmbH, Germany) was used to acquire images.

Agarose Gel Electrophoretic Mobility Shift Assay
The formation and stability of EGCG/DRAM1 nanoparticles were tested by electrophoretic mobility shift assay. DRAM1 
plasmid or EGCG/DRAM1 nanoparticle (weight ratio 50/1) was separated by agarose gel electrophoresis at 80 V for 
40 min after the incubation with serum for 1, 2, 3, 4 h. The images of gel were taken using the Amersham Imager 600 
system (GE Healthcare Life Sciences, USA).

Cell Culture
Murine Lung Epithelial 12 (MLE12) was purchased from the Cell Resources Center of Shanghai Institutes for Biological 
Sciences, Chinese Academy of Sciences (SIBS, CAS, China). MLE12 cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Cat#D5030, Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (Gibco, 
USA), 1% penicillin–streptomycin solution at 37°C in humidified incubators with a 5% CO2 atmosphere. To determine 
whether EGCG/DRAM1 nanoparticles enhances autophagy flux, MLE12 cells were treated with EGCG/DRAM1 
nanoparticles for 12 h before a stimulation with LPS (100 ng/mL) for 24 h and expression of LC3 II and LC3 I was 
detected by Western blot.
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Cellular Uptake of EGCG/DRAM1 Nanoparticles in vitro
The cellular uptake of EGCG/DRAM1 nanoparticles by MLE12 cells was measured by confocal laser scanning 
microscopy (CLSM) and flow cytometry (FCM). MLE12 cells were seeded either in confocal dishes or in 6-well plates 
(5 × 105 cells/well). After cultured overnight, cells were incubated with Cy5-labeled ED or Cy5-labeled DRAM1 
plasmids (plasmids equivalent to 0.5–3.0 μg/mL) for 6 h, respectively. Cells in the confocal dishes were stained with 
actin-tracker green (Beyotime, China) and Hoechst 33342 (Beyotime, China) for CLSM analysis (Zeiss 880, Germany). 
Cells in the 6-well plates were digested by 0.25% EDTA-Trypsin and prepared in single cell suspension for FCM analysis 
(Merck, USA) to quantify the amount of Cy5 positive cells.

Furthermore, evaluation of the cellular uptake of EGCG/DRAM1 nanoparticles over time was performed. MLE12 
cells in confocal dishes or 6-well plates were incubated with EGCG/DRAM1 nanoparticles (Cy5-labeled plasmids 
equivalent to 3.0 μg/mL) for different durations (1, 2, 4, 6 and 12 h). Cells were stained with actin-tracker green and 
DAPI for CLSM analysis. Cells in the 6-well plates were prepared in single cell suspension and quantified by FCM 
analysis.

Lysosome Escape
MLE12 cells were seeded in confocal dishes at the intensity of 5 × 105/mL and incubated for 12 h prior to the following 
experiments. Cy5-labeled EGCG/DRAM1 nanoparticles containing 3.0 μg/mL plasmid was incubated with cells for 3 or 
9 h. Cells were washed by 1 × PBS for 3 times and stained with a Lysotracker (Thermo, USA) for 15 min. The images 
were taken by using a CLSM (Zeiss, Germany).

Transfection Efficiency
MLE12 cells were seeded either in confocal dishes or in 6-well plates at the intensity of 2 × 105/mL and incubated for 
12 h prior to the following experiments. EGCG/DRAM1 nanoparticles (plasmids equivalent to 0–3.0 μg/mL) was 
incubated with cells for 12 h. Cells were washed with 1 × PBS for 3 times and cultured in fresh medium for another 
36 h. Cells were imaged by CLSM (Zeiss, Germany) or analyzed by FCM (Merck, USA) to detect the intensity of YFP.

Cytotoxicity in vitro
The cytotoxicity of nanoparticles in vitro was evaluated by Live/Dead staining and apoptotic assay. Briefly, MLE12 cells 
at a density of 2 ×105/mL were seeded into confocal dishes or 6-well plates and cultured overnight. Cells were incubated 
with multiple concentrations of EGCG (0, 6.25, 12.5, 25, 50, 100 and 200 µg/mL), DRAM1 plasmid (0, 0.0625, 0.125, 
0.25, 0.5, 1 and 2 µg/mL) or EGCG/DRAM1 nanoparticles (0, 6.25, 12.5, 25, 50, 100 and 200 µg/mL) for 12 h and 
cultured in fresh medium for another 36 h. Cells were stained with Calcein-AM and PI (Beyotime, China) for 15 min, 
and live and dead cells were imaged by CLSM. Annexin V-FITC/PI was used to stain transfected MLE12 cells for FCM 
analysis. Cells were treated with 75% Ethanol as a positive control.

Animal Model of ALI
Animal studies were performed according to the Guide for the Care and Use of Laboratory Animals published by US 
National Institutes of Health (NIH publication no. 85–23, revised, 1996). The animal studies were approved by 
Experimental Animal Ethics Committee of Guangzhou Medical University (No. G2022-372). The C57BL/6J male 
mice at 8 weeks of age (body weight around 20–22 g) were acquired from Vital River Laboratory Animal Center 
(Beijing, China). As previously mentioned, LPS was administered by the trachea to establish a mouse model of ALI.26,27 

Mice treated with 5 mg/kg LPS showed the most EB content in the lungs compared to the mice treated with 1 and 
2.5 mg/kg LPS (Supplement Figure 1A and B). Therefore, 5 mg/kg LPS was used to establish the model. Mice were 
anaesthetized by injecting 1% pentobarbital sodium intraperitoneally (50 mg/kg) and followed by 5 mg/kg LPS injection 
into the trachea with a microsyringe. After intratracheal instillation, the mice were kept vertical for 1 min to ensure the 
distribution of the LPS or saline in the lungs. Mice from different groups received tracheal administration of EGCG/ 
DRAM1 nanoparticles, EGCG/Null nanoparticles, EGCG or DRAM1 plasmid once a day for 3 consecutive days.
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Lung Function Assay
Lung function assay was performed as described previously.28 Briefly, mice were anesthetized with 90 mg/kg pento-
barbital sodium in order to inhibit the autonomous respiration. Then, the tracheas of mice were exposed and cut open to 
connect to the spirometer (Chest, Tokyo, Japan) with the frequency of 90. The respiratory quotient was 15:10 and the unit 
of the tidal volume was set as mL/kg. The scanner was monitored using a computer, and the lung function-related 
parameters were recorded, including airway resistance (Raw), pulmonary dynamic compliance (Cdyn), peak expiratory 
flow (PEF) and maximal mid-expiratory flow (MMF).

In vivo Imaging
1 × PBS, Cy5-labeled DRAM1 plasmid, and Cy5-labeled EGCG/DRAM1 nanoparticles were given to mice after the 
induction of ALI (n = 3). The fluorescence signals in the mice were monitored at time points of 3, 6, 12, 24, and 
48 h using an imaging system (IVIS Lumina XRMS Series III, PerkinElmer, USA). The fluorescence signal of extracted 
heart, liver, spleen, lung and kidney were detected after 48 h, and the fluorescence intensity was quantified using Living 
Image (64-bit) software.

Lung Wet-to-Dry Weight Ratio
The mice were anesthetized and sacrificed after LPS-induced ALI on day 3. Right lung tissue was collected (n = 5) and 
surface blood was removed. The wet weight of the lungs was determined, then the lungs were dried at 60°C for 72 h to 
obtain the dry weight as previously mentioned.29 The wet/dry weight ratio was calculated.

Vascular Permeability of Lung
The animals were injected with EB (50 mg/kg) through femoral vein 15 min before the animals were sacrificed (n = 5 per 
group). The lungs were removed after thoracotomy, and the surrounding tissues were cut off from the upper lobe of the 
right lung. The lungs were immersed in formamide solution (1 mL/100 mg animal weight) and incubated at 45–50°C for 
72 h. After all the pigments in the tissues were leached, the tissues were removed and centrifuged. The supernatant was 
taken, and colorimetric measurement was performed at 620 nm by spectrophotometer. Optical density (OD) value of 
formamide solution was determined. EB content per gram of wet lung tissue was calculated according to the concentra-
tion corresponding to the standard curve.

Histological Evaluation
Changes in left lungs morphology (n = 5) were assessed in methyl Carnoy’s fixed, paraffin-embedded tissue slices (4 μm) 
with hematoxylin and eosin (H&E) staining, according to the reported methods.30,31 Images were captured using 
a microscope (Olympus Optical Co., Ltd., Tokyo, Japan). Severity of lung injury was evaluated and scored in 
a blinded manner based on four aspects: congestion of alveolar-capillary membrane, hemorrhage, infiltration or 
aggregation of neutrophils in the air space or the vessel wall, and thickness of the alveolar wall/hyaline membrane 
formation. Each of the four components was scored from 0 to 4, respectively, depending on the severity and summarized 
to generate a final score ranging from 0 to 16 as previously reported.32,33

Transmission Electron Microscopy
Fractions of the left lung tissues (n = 5) were pre-fixed in a solution of 2.5% glutaraldehyde and 1% osmium 
tetroxide, post-fixed in 1% OsO4, dehydrated in an escalating sequence of alcohols, and embedded in epoxy resin, 
as reported before.8,34 Uranyl acetate and lead citrate were used to stain ultrathin sections. A transmission 
electron microscope (HITACHI H-600, Japan) was used to detect the autophagosome and autolysosome of 
samples.

Western Blot
The protein of lung tissues (n = 6) was extracted using RIPA lysis buffer, and Western blot analysis was performed as 
reported previously.30,35 After blocking with 5% skim milk, membranes were incubated overnight at 4°C with 1:1000 
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dilutions of rabbit anti-DRAM1 (PRS4035, Sigma, USA), and rabbit anti-LC3 (Cat#3868, Cell Signaling Technology, 
USA), and GAPDH (ENZ-986, Chemicon) antibodies. Membranes were incubated with goat anti-rabbit (1:5000 dilution; 
Cat# ZB-2301, Beijing Zhong Shan - Golden Bridge Biological Technology, China) secondary antibody for 1 h at room 
temperature the next day after being washed with 1 × TBST 5 min for 3 times. Signals were scanned and visualized by an 
Amersham Imager 600 (GE, USA). The relative expression levels of proteins against GAPDH were quantified by using 
Image J software.

Immunoprecipitation
The MLE12 cells were lysed with immunoprecipitation buffer on ice for 30 min and centrifuged at 12,000 × g for 15 min 
at 4°C. The whole-cell lysates (500 μg) were incubated with 15 μL of protein agarose A/G beads to reduce nonspecific 
combination, followed by transient centrifugation to collect the supernatants. The supernatants were incubated with 
15 μL of mouse IgG, rabbit IgG, or test antibodies mouse anti-Atg7 antibody (sc-376212, Santa Cruz Biotechnology, 
USA), at 4°C. Protein agarose A/G beads (~20 μL) was added to the supernatants, and the mixture was incubated for 
4 h at 4°C the next day. After centrifuging at 4°C, 12,000 × g for 30s, the supernatant was carefully removed without 
touching the beads. And then, the beads were extensively washed three times with immunoprecipitation buffer 1, 2 and 3. 
SDS loading buffer (~25 μL) was added to the beads, after which the mixture was boiled for 5 min at 100°C. The 
immunoprecipitants were resolved by 12% SDS-PAGE followed by Western blot assay with respective antibodies 
including anti-Atg7 and anti-DRAM1.8

Determination of Malondialdehyde (MDA) and Superoxide Dismutase (SOD)
The supernatant of lung tissues (n = 6) was extracted with saline and analyzed using MDA (ab118970, Abcam, USA) and 
SOD (ab65354, Abcam, USA) assay kits according to the manufacturer’s instruction.36

Statistical Analysis
The results were presented as mean ± SD. GraphPad Prism 8.0 was used to conduct one-way ANOVA with a Newman– 
Keuls post-hoc test (GraphPad Software, USA).

Results
The Preparation and Physicochemical Characterization of EGCG/DRAM1 
Nanoparticles
The formulation of EGCG/DRAM1 nanoparticles were optimized by adjusting the ratio of EGCG to DRAM1 plasmid, 
namely 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 w/w, respectively. The ratio of 50/1 showed the minimized sized of 
99.33 ± 11.68 nm with a PDI of 0.13 ± 0.01 (Figure 1A). We also measured the average zeta potentials of EGCG/ 
DRAM1 nanoparticles, as the weight ratio of EGCG/DRAM1 plasmid increase, the zeta potential increase form negative 
to positive. The zeta potential of optimized EGCG/DRAM1 nanoparticles (50/1) was 11.7 ± 1.06 mV (Figure 1B). We 
used this formulation to prepare EGCG/DRAM1 nanoparticles for the subsequent evaluations. TEM and dynamic light 
scattering (DLS) analysis indicated that EGCG/DRAM1 nanoparticle was nearly spherical with a diameter of ~100 nm 
(Figure 1C and D). Furthermore, the formation of EGCG/DRAM1 nanoparticles inhibited the degradation of DRAM1 
plasmid in serum (Figure 1E). These results indicated that EGCG enabled to increase the stability of DRAM1 plasmid.

The Biological Effect of EGCG/DRAM1 Nanoparticles in vitro
The transfection efficiency was evaluated by CLSM and FCM. The fluorescence dye Cy5 was used to label EGCG/ 
DRAM1 nanoparticles. After the cells were incubated with Cy5- EGCG/DRAM1 nanoparticles for 12 h, the fluorescence 
of Cy5 was used as a marker for evaluation of cellular uptake. CLSM and FCM analysis indicated that cells treated with 
Cy5- EGCG/DRAM1 nanoparticles containing 3.0 µg plasmid showed 96.4% of Cy5 positive cells, which was the 
highest percentage among the tested formulations (Figure 2A and B). Therefore, we chose Cy5- EGCG/DRAM1 
nanoparticles containing 3.0 µg of DRAM1 plasmid for the following experiments.
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Furthermore, we found that the cellular uptake of EGCG/DRAM1 nanoparticles by MLE12 cells was time dependent. 
After the incubation with Cy5-EGCG/DRAM1 nanoparticles, the Cy5 fluorescence in cells gradually increased over time 
and 89.8% of cells were Cy5 positive at the time point of 6 h as indicated by CLSM and FCM (Figure 3). The 
transfection for 12 h led to a maximum cellular uptake (98.1% Cy5 positive cells) (Figure 3). Thus, the optimized 
condition for effective transfection by EGCG/DRAM1 nanoparticles was 12 h with a DRAM1 plasmid equivalent to 
3.0 µg.

Figure 1 Characterization of EGCG/DRAM1 plasmid nanoparticles (ED). (A) Size and polydispersity index (PDI) of ED with multiple weight ratio by dynamic light scattering 
(DLS) analysis. (B) Zeta potential of ED with multiple weight ratio by DLS analysis. (C) Transmission electron microscope (TEM) image of EGCG/DRAM1 plasmid weight 
ratio of 50/1. (D) Size and PDI of ED at an EGCG/DRAM1 plasmid weight ratio of 50/1 by DLS analysis. (E) Agarose gel electrophoretic mobility shift assay of ED and naked 
DRAM1 plasmid after the incubation with serum for 1, 2, 3, 4 h.
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Cellular uptake is a prerequisite for efficient gene overexpression by plasmid and lysosome escape is also a key 
process that determines the transfection efficiency. CLSM analysis indicated that most of DRAM1 plasmid were captured 
by the lysosomes after an incubation for 3 h, as indicated by the overlap of green lysosome labeling by lysotracker and 
the red DRAM1 plasmid labeling by Cy5 (Figure 4). In contrast, the red fluorescence separated from the green signal at 
9 h, indicating that the plasmid escaped from the lysosome. The data indicated that the plasmid in EGCG/DRAM1 
nanoparticles was able to escape from the lysosome, which facilitated the subsequent expression of DRAM1 gene.

In addition, we evaluated the cytotoxicity of EGCG, DRAM1 plasmid and the synthesized EGCG/DRAM1 nano-
particles in MLE12 cells by using CCK8 assay, Calcein-AM/PI staining and annexin V-FITC/PI apoptotic assay. The 
EGCG, DRAM1 plasmid, and EGCG/DRAM1 nanoparticles did not significantly inhibit the cell viability at highest 
concentration that tested as indicated by CCK8 assay (Figure 5A-C). The results of Calcein-AM/PI staining also showed 
negligible PI positive cells and annexin V-FITC/PI assay showed less than 2% apoptotic cells after the treatment of 

Figure 2 The transfection efficiency of ED. (A) Confocal laser scanning microscope (CLSM) of the transfection efficiency of ED at different concentrations. (B) 
Quantification of Cy5 positive cells by Flow Cytometry (FCM) analysis.
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EGCG, DRAM1 plasmid and EGCG/DRAM1 nanoparticles, whereas ethanol as a positive control led to apparent 
apoptosis with 99.3% apoptotic cells (Figure 5D and 5E). Above data indicated that the cellular toxicity of the 
synthesized EGCG/DRAM1 nanoparticles was tolerable in MLE12 cells.

The Biodistribution of EGCG/DRAM1 Nanoparticles in vivo
Cy5-labeled plasmids were used to prepare EGCG/DRAM1 nanoparticles (Cy5- EGCG/DRAM1 nanoparticles) to 
evaluate the biodistribution of EGCG/DRAM1 nanoparticles in mice using an in vivo small animal imaging system. 
Cy5- EGCG/DRAM1 nanoparticles and Cy5-DRAM1 plasmid were injected via the trachea into ALI mice or sham 
group, respectively. The mice treated with EGCG/DRAM1 nanoparticles showed stronger fluorescence in the lung than 
sham or mice treated with DRAM1 plasmid at 3, 6, and 12 h (Figure 6A). Ex vivo imaging of the extracted organs also 
showed high level of fluorescence signals in lung after EGCG/DRAM1 nanoparticles treatment (Figure 6B). 

Figure 3 The time-dependence uptake of ED by MLE12 cells. (A) CLSM analysis of the transfection efficiency of ED for different incubation time. (B) Quantification of Cy5 
positive cells by FCM analysis.
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Quantification of fluorescence intensity indicated that EGCG/DRAM1 nanoparticles induced a ~1.5-fold higher fluores-
cence in the lung compared with naked DRAM1 plasmid (Figure 6C). Above results suggested that the binding with 
ECGC facilitated the accumulation and retention of DRAM1 plasmid in the infected lungs.

The Attenuation of ALI by EGCG/DRAM1 Nanoparticles in Mice
In ALI mice, we investigated the therapeutic effects of EGCG/DRAM1 nanoparticles. The ALI mice were randomly 
assigned to six groups and given the following treatments via trachea: saline alone, EGCG alone, DRAM1 plasmid alone, 
EGCG/Null nanoparticles, and EGCG/DRAM1 nanoparticles. First, we measured the effect of EGCG/DRAM1 nano-
particles on lung function 3 days after ALI. ALI mice treated with saline developed severe lung dysfunction as evidenced 
by the increase of Raw (2.45 ± 0.31 cmH2O mL/min vs 0.53 ± 0.22 cmH2O mL/min), and the decreased of Cdyn (1.16 ± 
0.34 mL/cmH2O vs 2.63 ± 0.39 mL/cmH2O), PEF (3.14 ± 0.33 mL/s vs 5.81 ± 0.54 mL/s) and MMF (2.18 ± 0.24 mL/s 
vs 3.10 ± 0.25 mL/s) compared with sham mice. ALI mice treated with EGCG, DRAM1 plasmid and EGCG/DRAM1 
nanoparticles showed mild attenuation of lung dysfunction (Figure 7A). Of note, EGCG/DRAM1 nanoparticles showed 
the most potent effect on ameliorating lung dysfunction compared with other treatment groups as indicated by 
significantly decreased Raw to 1.16 ± 0.24 cmH2O mL/min, and increased Cdyn to 2.08 ± 0.33 mL/cm H2O, PEF to 
5.08 ± 0.54 mL/s, MMF to 2.77 ± 0.16 mL/s. At the third day after ALI, mice were sacrificed and H&E staining showed 
interstitial edema, interalveolar septal thickening and intra alveolar and interstitial patchy hemorrhage in ALI mice. Only 
EGCG/DRAM1 nanoparticles treatment induced a significant reduction in the lung injury score compared with saline- 
treated ALI mice, although EGCG, DRAM1 and EGCG/Null nanoparticles led to a decreased trend (Figure 7B).

ALI leads to damage of alveolar epithelial cells and capillary endothelial cells, accompanied by severe inflammation and 
oxidative stress, resulting in diffuse pulmonary interstitial and alveolar edema.1,2 The pulmonary edema was assessed using 

Figure 4 The lysosome escape of ED in MLE12 cells. (A) Detection of Cy5-DRAM1 and lysosome in MLE12 cells treated with ED for 3 h and 9 h. (B) The fluorescence 
intensity and distribution of (A).
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Figure 5 The cytotoxicity of EGCG, DRAM1 plasmid and ED to MLE12 cells. (A-C) The cell viability of MLE12 cells incubated with different concentration of EGCG, 
DRAM1 plasmid and ED by CCK8. Data were shown as mean ± SD for three independent experiments. *P<0.05, **P<0.01, ***P<0.001 vs 0 µg/mL group. (D) CLSM analysis 
of the live or dead MLE12 cells incubated EGCG, DRAM1 plasmid and ED after Calcein-AM/PI staining. (E) FCM analysis of apoptotic MLE12 cells incubated EGCG, DRAM1 
plasmid and ED by annexin V-FITC/PI apoptotic assay.
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wet-to-dry weight ratio (W/D) of lung and EB staining 3 days after ALI (Figure 8A-C). ALI mice treated with saline 
developed severe pulmonary edema with a W/D of ~8 and significantly increased microvascular permeability with an EB OD 
value of ~0.28. The EGCG, DRAM1 plasmid and EN mildly reduced pulmonary edema with less than 18% reductions in W/D 
(Figure 8C) and reduced microvascular permeability with an EB OD value of ~0.20 (Figure 8A and B). EGCG/DRAM1 
nanoparticles most significantly decreased the W/D to ~5 and the EB OD value to ~0.15 (Figure 8B and C). Furthermore, the 
administration of the EGCG/DRAM1 nanoparticles decreased the expression of MDA, while increased the SOD activity in 
ALI mice as measured by test kit (Figure 8D and E).

The Mechanism Underlying the Effect of EGCG/DRAM1 Nanoparticles on Attenuating ALI
In order to further investigate the effect of EGCG/DRAM1 nanoparticles on autophagy in the microenvironment of lung 
injury, we used TEM and Western blot to analyze the autophagosome and autophagolysosome of the lung tissues 3 days 
after ALI. Compared to the treatment with saline, EGCG, DRAM1 plasmid or EGCG/Null nanoparticles, the mice 
treated with EGCG/DRAM1 nanoparticles showed significantly increased autophagy flux, which was demonstrated by 

Figure 6 The biodistribution of ED in mice after ALI. (A) Detection of Cy5-plasmid signal after tracheal administration of ED or naked Cy5-DRAM1 plasmid at 3, 6, 12, 24, 
and 48 h by small animal in vivo imaging system (n = 3 per group). (B) Detection of the Cy5 signal in organs isolated from mice with tracheal administration of ED or naked 
Cy5-DRAM1 plasmid. (C) Relative Cy5 intensity in lung at 48 h. Data were shown as mean ± SD, n=3 mice per group. ****P<0.0001 vs PBS, ##P<0.01 vs DRAM1.
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the elevation of autophagosome and autolysosome in the lung (Figure 9A) and increased LC3 II protein level (Figure 9B 
and C). These observations were also confirmed in MLE12 cells in which treated with EGCG/DRAM1 nanoparticles 
showed increased LC3 II protein level compared to PBS, EGCG, DRAM1 plasmid or EGCG/Null nanoparticles group 
(Figure 9D and E). DRAM1 interacts with Atg7 to promote the bending and elongation of autophagosomes and the 

Figure 7 The effect of ED on lung function and lung injury. ALI mice were randomized into six groups and administered with the following treatments: saline, EGCG, 
DRAM1 plasmid, EN that fabricated with EGCG and null plasmid, and ED. (A) The lung function of different treatment groups that measured after tracheostomy, including 
pulmonary dynamic compliance (Cdyn), peak expiratory flow (PEF), and maximal mid-expiratory flow (MMF) and the airway resistance (Raw). (B) H&E staining of lung 
tissues from different treatment groups. (C) The lung injury scores of different treatment groups. Data were shown as mean ± SD, n=5 mice per group. *P < 0.05, **P < 0.01, 
***P < 0.001 vs Sham, #P < 0.05, ##P < 0.01 vs Saline, &P < 0.05 vs EGCG, @P < 0.05 vs DRAM1, †P < 0.05 vs EN.
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fusion of lysosomes with autophagosomes, hence enhancing autophagy flux.7,8 To further investigate the underlying 
mechanism of EGCG/DRAM1 nanoparticles on enhancing autophagy flux, we used immunoprecipitation assay to verify 
the relationship between Atg7 and DRAM1. The results of immunoprecipitation indicated that DRAM1 interacted with 
Atg7 in MLE12 cells (Figure 9F).

These results indicated that the treatment with EGCG/DRAM1 nanoparticles reduced the lung dysfunction and 
pulmonary edema, and promoted autophagy in the ALI mice, implying that EGCG/DRAM1 nanoparticles showed 
great therapeutic potential in the recovery of inflammation-induced injury lung.

Discussion
Pulmonary edema is the main pathophysiological process after ALI, which can lead to ARDS.1,2 High-permeability pulmonary 
edema after ALI is still the main cause of morbidity and mortality and is a bottleneck problem in the clinical treatment of 
ALI.37 Reducing pulmonary edema and oxidative stress damage is the key to improve the prognosis of ALI patients. At 
present, the main therapeutic strategies are auxiliary mechanical ventilation, glucocorticoid therapy and other symptomatic 

Figure 8 The effects of ED on lung vascular permeability, wet-to-dry weight ratio and oxidative stress. (A) Representative images of the lungs after EB staining. (B) 
Quantification of EB content in the lungs. (C)The wet-to-dry weight ratio (W/D weight ratio) of lung tissues from different treatment groups. (D) The MDA levels in lung 
tissues from different treatment groups. (E) The SOD activity in lung tissues from different treatment groups. *P < 0.05, **P < 0.01 vs Sham, #P < 0.05, ##P < 0.01 vs Saline, 
&P < 0.05 vs EGCG, @P < 0.05 vs DRAM1, †P < 0.05 vs EN.
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Figure 9 The effects of ED on autophagy. (A) The representative image of electron microscopic analysis of lung tissues from different treatment group. The red arrows 
indicated autophagosomes and the green arrows indicated autophagolysosomes. (B and C) The representation image and analysis results of LC3 I and LC3 II in the lung 
tissues. (D and E) The representation image and analysis results of LC3 I and LC3 II in MLE12 cells. (F) The representative image of immunoprecipitation showing interaction 
between DRAM1 and Atg7 in MLE12 cells. Normal IgG was used as negative control. *P < 0.05, **P < 0.01 vs Sham or CTL, ##P < 0.01 vs Saline or PBS, &&P < 0.01 vs EGCG, 
@@P < 0.01 vs DRAM1, ††P < 0.01 vs EN.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S477947                                                                                                                                                                                                                       

DovePress                                                                                                                      
10815

Dovepress                                                                                                                                                              Qin et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


supportive treatment, the therapeutic effect of which is limited by undesirable side effects. Therefore, it is urgent to find a novel 
treatment strategy for this pathological condition. In this work, we developed a naked gene delivery system to overexpress 
DRAM1 for autophagy enhancement to treat ALI using EGCG, which has been shown to ameliorate oxidative stress. Mice 
treated with EGCG/DRAM1 nanoparticles showed ameliorated lung dysfunction as indicated by significantly increased Cdyn, 
PEF, MMF while reduced RAW level than EGCG, DRAM1 plasmid, EGCG/Null nanoparticles group. This is associated with 
reduced lung injury score, pulmonary edema and oxidative stress after EGCG/DRAM1 nanoparticles treatment.

In the current gene delivery system, EGCG was assembled with DRAM1 plasmid by forming naked nanoparticles. This 
nanosystem increased the stability of DRAM1 plasmid, possibly due to the negative charged surfaces of nanoparticles that 
are resistant to serum components. EGCG/DRAM1 nanoparticles were taken up by MLE12 cells with high efficiency and 
escaped from lysosome after uptake, and eventually increased DRAM1 expression effectively with no obvious cytotoxicity. 
Moreover, the biodistribution assay in vivo indicated that mice treated with EGCG/DRAM1 nanoparticles showed better 
distribution in the lung than mice treated with naked DRAM1 plasmid. This is consistent with a previous report from Wan 
et al showing that EGCG increased siRNA delivery efficiency with minimal toxicity in vitro and in vivo.23

In the development of ALI, in addition to direct injury, there are secondary pathological changes surrounding the injured 
tissue, including oxidative stress damage, inflammatory reaction, autophagy, and cell apoptosis.2,13 Lee et al found that LC3B 
knock out mice are more susceptible to hypoxia induced pulmonary injury with reduced hypoxic cell proliferation.38 

Autophagy activation using rapamycin or RAB26 attenuates lung injury.39,40 In addition, autophagy enhancement could 
reduce chemokine CXCL16 release and further improve LPS-induced ALI in mice.41 EGCG/DRAM1 nanoparticle treated 
mice showed more autophagosomes and autolysosomes in lung tissues, possibly due to accelerated autophagy flux by 
DRAM1 and Atg7 interaction as previously described.8 In addition, EGCG/DRAM1 nanoparticles reduced MDA levels, 
while increased SOD activity compared with EGCG, DRAM1 plasmid and EN group, indicating the synergistic effect of 
EGCG and DRAM1 overexpression on oxidative stress. ALI results in excessive generation of reactive oxygen species 
(ROS), leading to oxidative stress and the associated oxidative damage of cellular components, which could be inhibited by 
autophagy.42 These results indicated that the therapeutic effects of EGCG/DRAM1 nanoparticles on ALI may due to the 
combination of autophagy activation and amelioration of oxidative stress.

Conclusion
In the current work, we developed a naked gene delivery system by EGCG to overexpress DRAM1. The synthesized EGCG/ 
DRAM1 nanoparticles increased the stability of DRAM1 plasmid, with tolerable cellular toxicity in MLE12 cells and facilitated 
the accumulation and retention of DRAM1 plasmid in the infected lungs, thereby ameliorating pulmonary dysfunction after ALI. 
EGCG/DRAM1 nanoparticles attenuated ALI by the two mechanisms including autophagy enhancement by promoting the 
interaction of DRAM1 with Atg7 to increase autophagosomes, and suppression of oxidative stress by EGCG in EGCG/DRAM1 
nanoparticles. Overall, the naked gene delivery system for autophagy enhancement may serve as a potential therapeutic strategy 
to attenuate ALI.
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