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Introduction

Sepsis refers to the impaired infection immune response of 
the host that leads to the severe organ dysfunction.1 Nearly 
45% of sepsis patients develop multiple organ dysfunc-
tion, and it has become one of the main burdens of public 
health worldwide.2,3 The lung represents a vulnerable organ, 
which gets affected in nearly 40% of sepsis patients, and 
sepsis-induced ARDS induces results in a high mortality rate 
related to severe sepsis or septic shock.4

Although the exact molecular mechanism is poorly 
determined, cell organelle dysfunction, like mitochondria 
and endoplasmic reticulum (ER), is an important process 
in pathogenesis of sepsis-induced acute lung injury.5,6 
Markers of ER stress, including GRP78 and CHOP, were 
increased markedly in lung tissues from lipopolysaccharide 

(LPS)-mediated mice, and ER stress-alleviating interventions 
can reduce pro-inflammatory protein expression.7 It has also 
been established in mouse models and human studies that 
endotoxin-induced acute lung injury results in mitochon-
drial dysfunction, including a decline in oxidative capacity, 
ultrastructure abnormalities, increased oxidative stress, and 
altered dynamic balance.8 MAM belongs to the subdomain 
of ER, which is the physical contact between mitochondria 
and ER.9 MAM is the signal communication platform and 
has a crucial effect on multiple cell activities, such as lipid 
metabolism, Ca2+ homeostasis, autophagy, or regulating 
apoptosis.10–12

There are many articles identifying the impact of MAM on 
Ca2+ homeostasis in recent years. Mitochondria fulfill vari-
ous key roles in cellular metabolism, and mitochondrial Ca2+ 
level has an important role in maintaining mitochondrial 
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Impact Statement

Acute lung injury (ALI) caused by sepsis is the criti-
cal clinical illness, whose mortality rate is still as 
high as 40%. Organelle dysfunction has become a 
hot topic in the study of sepsis-induced ALI patho-
genesis. In the study, we demonstrated increased 
mitochondria-associated endoplasmic reticulum 
membrane (MAM) formation, significant morpho-
logical changes in the mitochondria, and increased 
type-1 inositol-1,4,5-trisphosphate receptor (IP3R-
1) expression in lung tissues of mice using the 
endotoxin-induced ALI model. MAM formation was 
reduced, and mitochondrial function was partially 
normalized when IP3R-1 function was silenced. 
Therefore, IP3R-1 plays an indispensable role in 
MAM formation and mitochondrial dysfunction, 
which could be innovative therapeutic targets for 
endotoxin-induced ALI.
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bioenergetics, such as adenosine triphosphate (ATP) syn-
thesis and tricarboxylic acid (TCA) cycle.10–12 MAM is com-
prised by ER subdomain, specific proteins that are enriched 
preferentially at the MAM, and outer mitochondrial mem-
brane. MAM facilitates intracellular Ca2+ transport between 
mitochondria and ER,13 regulating Ca2+ concentration in 
mitochondria or other mitochondrial functions.14,15 It was 
indicated that enhanced MAM generation promotes mito-
chondrial calcium accumulation, thus causing impaired oxi-
dative ability of mitochondria, enhanced reactive oxygen 
species (ROS) production and cellular stress.16 Furthermore, 
downregulating critical factors related to calcium flux (like 
IP3R-1) and ER-mitochondria contract could reduce cellular 
stress, promote mitochondrial respiration, while enhancing 
glucose tolerance of obese animals.16

Recently, more evidence indicated that disruption of 
MAM integrity is regarded as a cornerstone in disease patho-
genesis, like type 2 diabetes mellitus (T2DM), amyotrophic 
lateral sclerosis/frontotemporal dementia (ALS/FTD), 
Alzheimer’s disease (AD), Parkinson’s disease (PD), cancer 
and cardiovascular diseases (CVD),17–19 but the relevance of 
structural integrity of the MAM in endotoxin-induced ALI 
remains to be further studied; therefore, this work is con-
ducted to gain more insight into this important issue.

Materials and methods

Experimental animals

Every animal protocol gained approval from Animal Ethical 
and Welfare Committee (AEWC) of Tianjin Nankai Hospital 
(NKYY-DWLL-2019–027). Male C57BL/6 mice (6- to 8-week-
old) with body weights ranging from 20 to 24 g were used in 
our study (Division of Animal Resources at Tianjin Nankai 
Hospital, Tianjin). Mice were later randomized as endotoxin-
treated (LPS) and normal saline (control) groups. All the ani-
mals were maintained at the Division of Animal Resources 
at Tianjin Nankai Hospital. Mice were housed in ventilated 
cages (maximum of five per cage) and maintained at 12-h 
light and dark cycles.

LPS administration and experimental protocols for 
animals

Each mouse was injected with either normal saline (NS) or 
a non-lethal dose (15 mg/kg) of LPS (O111:B4, Sigma) into 
the tail vein to establish the endotoxin-induced ALI mouse 
model in vivo. After 12 h of injections, mice were euthanized, 
and then lung tissue was dissected in subsequent experi-
ments. We also obtained blood and bronchoalveolar lavage 
fluid (BALF) samples in all animals before euthanization and 
used for the quantification of pro-inflammatory cytokines 
and oxidative stress markers.

Cell culture

MLE-12, a murine lung epithelial cell line, was cultured 
and maintained in a T25 culture bottle (Corning, 430168) in 
Dulbecco’s Modified Eagle’s Medium (DMEM) (Hyclone, 
SH30023.01) supplemented with 2% heat-inactivated fetal 
calf serum (Excellbio, FSP500), ITS liquid media supplement 

(Sigma, I1884), β-estradiol (Sigma, E2758), hydrocortisone 
(Sinopharm, 66003632), HEPES (Shanghai basal media, 
B110), and l-glutamine (Sigma, G8540) under 37°C and 5% 
CO2 conditions. Cells (5 × 104/well) were later inoculated 
into the 96-well plate (Sigma, SIAL0596), maintained in 
DMEM overnight, and then washed with PBS twice prior to 
experimentation.

LPS attacking cell models and cell counting kit-8

The LPS of Escherichia coli (O111:B4, L2630, Sigma-Aldrich, 
St. Louis, MO, USA) was used for inflammation induction. 
In brief, LPS (40 µg/mL) was added for 24 h cell treatment. 
Cell counting kit (CCK)-8 (EnoGene, Nanjing, China) was 
used to assess the cell viability. Briefly, after LPS stimula-
tion, medium was introduced with 10 µL CCK-8 reagent, for 
2 h culture under 37°C. A microplate reader (Rayto RT-6000, 
Shenzhen, China) was utilized to detect absorbance at 
450 nm.

Cell transfection

GenePharma Co. (Shanghai, China) was responsible for 
synthesizing IP3R-1-targeted siRNA together with cor-
responding negative controls (NC-siRNA). Afterwards, 
Lipofectamine 3000 reagent (Invitrogen, Waltham, MA, 
USA) was utilized for cell transfection in line with specific 
instructions.

Determination of the wet-dry ratio

After euthanasia of mice, lung tissue was separated and put 
into the tared microcentrifuge tube, followed by measure-
ment of wet weight. Thereafter, lung tissue was put into a 
desiccator for a 24-h period under 55°C for obtaining dry 
weight. Afterwards, wet-dry ratio (a reflection of pulmo-
nary edema) was obtained through dividing wet by dry lung 
mass.

Pro-inflammatory cytokine and malonyldialdehyde 
levels as well as superoxide dismutase activity 
within BALF and serum

Interleukin (IL)-6, tumor necrosis factor (TNF)-α, and 
malonyldialdehyde (MDA) levels together with superox-
ide dismutase (SOD) activity within BALF and serum were 
detected by the commercial kits (R&D Systems, Minneapolis, 
MN, USA) in line with specific instructions.

Isolation and identification of MAM from the lungs

The subcellular fractionation of the lung lysates was carried 
out by differential centrifugation with minor modifications 
based on published protocols,20 as shown in Supplementary 
Figure 1. MAM was identified by the expression of charac-
teristic proteins, as can be seen in Supplementary Figure 
2. IP3R-1 was mainly found in the ER fractions, Cyto C 
was enriched in mitochondrial fractions, calnexin and pro-
tein disulfide-isomerase (PDI) showed equal distribution 
between MAM and ER, while Sig-1R was preferentially 
located at the MAM.
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Histopathology

After perfusion using 4% paraformaldehyde, lung tissue 
was processed through paraffin embedding, sectioning 
along with hematoxylin and eosin (H&E) staining. Stained 
slides were examined under a microscope to determine the 
morphology and inflammatory infiltrates in the lung sec-
tions. The evaluation of lung injury was performed in line 
with the official report delivered by the American Thoracic 
Society in 2011.21 Then, this work scored 20 randomly non-
overlapping fields under high-power fields (×400) from 
per animals independently. Alveolar septal thickness, hya-
line membranes, proteinaceous debris, neutrophil number 
within interstitial space, and alveolar space were assessed by 
two experienced pathologists blinded to study nature. Each 
pathologic characteristic was weighted according to the rel-
evance and determined based on the assessed field number.

Transmission electron microscopy

Lung samples with a volume of less than 1 cubic centimeter 
were selected for transmission electron microscopy (TEM) 
evaluation. Fixation and sectioning of the lung tissues were 
carried out as described previously. Ultrathin sections were 
examined under a Tecnai microscope. Lung sections taken 
from the same lobe of the control and LPS groups were 
examined, and images of each group were captured at 5000× 
and 11,500× magnifications. Image J application (National 
Institutes of Health, USA) was employed for image analysis. 

Total number and the cross-sectional area of the mitochon-
dria per field were calculated. To quantify MAM level, mito-
chondria linked with the ER was normalized to the total 
mitochondria perimeter. Two independent investigators 
blind to the treatments quantified the images.

Extraction of total protein and western blotting

After homogenization of lung tissues (50 mg) in cold lysis 
buffer, the homogenate was subjected to 10 min centrifu-
gation at 9000 r/min for pelleting cell debris. Thereafter, 
supernatants were harvested to estimate protein concentra-
tion by the bicinchoninic acid (BCA) method. Later, 40 µg 
protein aliquots were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) prior to 
transfer on polyvinylidene (PVDF) membranes as previ-
ously described.22 Membranes were incubated with anti-
bodies against type-1 inositol-1,4,5-trisphosphate receptor 
(IP3R-1) (1:1000, PTG, 19962, Wuhan, China), IP3R-2 (1:1000, 
Santa Cruz, 398434, USA), Mitofusin-2 (1:1000, PTG, 12186, 
Wuhan, China), sigma-1 receptor (Sig-1R) (1:1000, PTG, 
15168, Wuhan, China), PDI (1:1000, Cell Signaling, 2446, 
USA), PACS-2 (1:1000, PTG, 19508, Wuhan, China) and beta-
actin (1:8000, Tianjin Sungene Biotech Co., KM9001, Tianjin, 
China) under 4°C over-night, followed by incubation using 
a horseradish perox-idase–labeled secondary antibody 
(1:10000, Amersham Biosciences, GBR). Then, the inte-
grated optical density (IOD) of each protein was determined 

Figure 1. Administration of endotoxin could lead to severe lung injury. Data are presented for the lungs harvested from LPS-treated and control mice. (A) The 
gross morphology of the isolated lungs. (B) The photomicrographs showing sections under H&E staining. Scale bar = 100 µm. (C) Lung injury score assessment. 
(D) Lung wet/dry weight ratio. (E) to (H) ELISA for TNF-α, IL-6, and MDA-7 protein expression (E to G) and SOD activity (H) in the serum and BALF. The ALI 
scores were represented as median (Min, Max) and analyzed by Mann–Whitney U-test. n = 6; ***P < 0.001. In (E) to (H), all bars indicate mean ± SEM. n = 6; 
***P < 0.001; Student’s t-test.
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using Quantity One 4.62 (Bio-Rad, Hercules, CA, USA). 
The validation of the IP3R-1 antibody was determined by 
the siRNA-mediated knockdown of IP3R-1. We cut mem-
branes prior to blotting, so that there was no full-length blot. 
Supplementary Files displays uncropped images.

Mitochondrial respiratory activity

Mitochondrial isolation and purification were completed 
in line with aforementioned description. Later, oxygen con-
sumption in the separated mitochondria was monitored 
with GENMED mitochondria respiratory control ratio (RCR) 
kits (GENMED, Shanghai, China) by the Clark-type oxygen 
electrode (Hansatech, UK) to assess mitochondrial respira-
tory activity. The protocols were following the instruction 
of the manufacturer. Finally, 10 µL Reagent B (state 4 [ST4]) 
and 10 µL Reagent C (state 3 [ST3]) were added to terminate 
reaction. We calculate and report the RCR by dividing state 
3 by state 4.

Flow cytometry

Lung tissues were digested, and cells were collected. The 
probe for MitoSOX (ThermoFisher (Waltham, MA, USA), 
M36008), TMRM (ThermoFisher, I34361), or Rhod-2 AM 
(ThermoFisher, R1245MP) was added to the cell suspen-
sion as recommended in the manual. The cell suspension 
was then analyzed by CytoFLEX S (Beckman Coulter, Brea, 
CA, USA), and WinMDI 2.9 was employed for data analysis, 
which were expressed as mean fluorescence intensity (MFI).

Visualization of voltage-dependent anion channel/
IP3R-1 complex by immunofluorescence

After fixation within 4% PBS, cells were subjected to per-
meabilization using 0.3% Triton X-100. Thereafter, cells were 
blocked using 2% bovine serum albumin (BSA) contained 
within PBS prior to overnight incubation using primary anti-
bodies against voltage-dependent anion channel (VDAC)-1 
(Abcam, ab14734) and IP3R-1 (Abcam (Cambridge, UK), 
ab264281). After three washes, Alexa Fluor secondary anti-
bodies (Abcam, ab150077, ab150080) were added for further 
cell incubation. The nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI) (Abcam, ab228549) and mounted with 
fluorescent mounting media. The Nikon Eclipse Ti-U fluores-
cence microscope (Nikon Corp., Tokyo, Japan) was adopted 
for image capturing. VDAC-1 was stained with DsRED, 
IPR3-1 was stained with fluorescein isothiocyanate (FITC), 
and the nucleus was stained with DAPI. Colocalization of 
VDAC-1 and IP3R-1 appeared as yellow color. The colocaliza-
tion between VDAC-1 and IP3R-1 expressions was analyzed 
using the “Colocalization Threshold” module in Fiji/Image J.

Statistics

ALI scores were expressed as median (Min, Max) and ana-
lyzed by one-tailed Mann–Whitney U-test, other data were 
represented by mean ± SEM. Unpaired Student’s t-test (two-
tailed) or one-way analysis of variance (ANOVA) of repeated 
experiments plus Tukey’s post hoc pairwise multiple com-
parisons was adopted to compare two groups using Prism 8 
(GraphPad). P < 0.05 stood for statistical significance.

Results

Endotoxin-induced lung injury caused enhanced 
ER–mitochondria interaction in the lung

Gross morphology of isolated lungs was examined 12 h after 
administration of either endotoxin or saline. Endotoxin-
treated lungs appeared swollen and congested in compari-
son with control group (Figure 1(A)). LPS treatment led to 
a higher lung injury score compared to control treatment 
(Figure 1(B) and (C)). Lung wet/dry (W/D) ratio of LPS-
treated mice markedly increased (Figure 1(D)). TNF-α, IL-6, 
and MDA levels also increased within BALF and serum of 
LPS-treated mice, but the SOD activity decreased signifi-
cantly in LPS-treated mice (Figure 1(E) to (H)).

In order to investigate the ER–mitochondria interaction 
using an LPS-induced ALI model, lung sections collected 
from both the control and LPS groups were examined by 
TEM. Lungs from the LPS-treated mice displayed morpho-
logical changes in the mitochondria, including swelling, 
vacuole formation, and crest reduction. For LPS-mediated 
mice, their lung tissues showed the evidently elevated ER 
apposition to mitochondria (Figure 2(A)). The number of 
mitochondria per field marked decreased in LPS-treated 
lungs (Figure 2(B)); however, the cross-sectional area of the 
mitochondria significantly enlarged in the LPS-treated lungs 
due to the swollen mitochondrial morphology (Figure 2(C)). 
In addition, mitochondrial membrane-adjacent ER contact 
percentage of LPS-treated lungs apparently increased rela-
tive to controls (Figure 2(D)).

Next, we sought to determine whether the increased ER–
mitochondrial interaction resulted in the altered oxidative 
capacity of mitochondria. We found that LPS administration 
decreased mitochondria ST3 oxygen consumption (Figure 
2(E)) but increased ST4 oxygen consumption (Figure 2(E)), 
leading to the reduction of RCR levels far below the nor-
mal level of 3~10 (Figure 2(E)). Taken together, our results 
indicated that endotoxin-induced lung injury was associ-
ated with morphological alterations of the mitochondria, 
enhanced MAM formation, and impaired oxygen consump-
tion in the mitochondria.

Endotoxin-mediated ALI resulted in upregulation 
of the proteins involved in ER to mitochondria 
calcium transport

To investigate the potential results of enhanced ER–
mitochondrial interactions using the endotoxin-induced 
ALI model, this work analyzed MAM-associated protein 
levels within total lung lysates (Figure 3(A)). Our data dem-
onstrated increased IP3R-1 protein expression and reduced 
mitofusin-2 protein level within total lung lysates of the 
LPS-treated mice than the control mice (Figure 3(B) and (D)). 
IP3R-2, PACS-2, and Sig-1R proteins were not significantly 
different in the total lung lysates between LPS-treated mice 
and control mice (Figure 3(C), (E) and (F)).

To elucidate the protein composition of crude mito-
chondria (CM), pure mitochondria (PM), ER, and MAM 
in the LPS-treated and control lung tissues, we first iso-
lated subcellular fractions by Percoll-based density gradi-
ent centrifugation according to description in materials 
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Figure 2. Endotoxin-induced lung injury leads to increased ER and mitochondrial interaction in the lung. Data are presented for the lungs harvested from LPS-treated 
and control mice. (A) Typical TEM images showing mouse lung sections after either endotoxin or saline challenge. Scale bar: 1 µm (right panel) and 500 nm (left 
panel). M: mitochondria (white arrow), ER: endoplasmic reticulum (black arrow). (B) to (D) The total number of mitochondria per field (B), the cross-sectional area of 
mitochondria per field (C), and the ratio between the percent of mitochondria connected to ER to the total mitochondrial perimeter (D). (E) Respiratory control ratio 
(RCR). All bars indicate mean ± SEM. n = 6~7; *P < 0.05; **P < 0.01; ***P < 0.001; Student’s t-test.

Figure 3. MAM-related protein expression in the total lung lysates collected in endotoxin-induced ALI mice. Data are presented for the lungs harvested from LPS-
treated and control mice. (A) Western-blotting assay on the expression of IP3R-1, IP3R-2, Mfn-2, PACS-2, and Sig-1R protein levels within total lung lysates. (B) to (F) 
Protein quantification within the total lung lysates. All bars represent mean ± SEM. n = 3; *P < 0.05; Student’s t-test.
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and methods. We found that IP3R-1 expression apparently 
elevated, whereas mitofusin-2 expression dramatically 
declined within the MAM fractions of the lung lysates 
among LPS-mediated mice relative to control mice (Figure 
4(A) to (D)). To determine the kinetics of IP3R-2 expres-
sion, we collected the MAM fractions from the LPS-treated 
mice at diverse durations post-LPS administration. Our 
data indicated that the kinetics of IP3R-2 expression did not 
alter in the MAM fractions following LPS administration 
(Figure 4(E) and (F)).

Altogether, we found that IP3R-1 protein expression sig-
nificantly increased in the MAM fractions of the lung lysates 
in the ALI model.

Knockdown of IP3R-1 inhibits the MAM formation 
and restores mitochondrial function in a cell 
culture model

To determine the maximal inhibitory concentration of LPS that 
inhibited cell growth, we treated cultured MLE-12 cells with 
different doses of LPS at 5–40 µg/mL for 24 h and found that 
maximum inhibition of cell growth was observed at 40 µg/
mL of LPS concentration (Supplementary Figure 3-A). We 
determined the expression kinetics of IP3R-1 following LPS 
treatments in cultured MLE-12 cells. We found that expression 
of IP3R-1 increased gradually with increasing concentrations 
of LPS added to the culture (Supplementary Figure 3). The 
morphological changes in subcellular organelles of MLE-12 
cells after LPS treatment were consistent with those observed 
from in vivo ALI model (Supplementary Figure 4).

To verify the role of IP3R-1 in endotoxin attacking cell 
model, we utilized specific siRNA to selectively knockdown 
IP3R-1 expression within MLE-12 cells. The efficiency of 
siRNA knockdown on IP3R-1 expression was determined 
through quantitative reverse transcription–polymerase 
chain reaction (qRT-PCR) and Western-blotting analysis. 
The IP3R-1 mRNA expression decreased by more than 70%, 
while its protein level decreased by 39.9% within MLE-12 cell 
line (Supplementary Figure 5).

This work also investigated how IP3R-1 silencing affected 
MLE-12 cells after treatment with LPS in the context of MAM 
formation and mitochondrial RCR. Compared to negative 
control siRNA (NC-siRNA), we found that knockdown of 
IP3R-1 significantly increased the total number of mitochon-
dria per field, decreased the relative cross-sectional area of 
mitochondria per field, and decreased mitochondrial mem-
brane–adjacent ER interaction percentage when MLE-12 
cells were subjected to LPS (Figure 5(A to (D))). Reduction 
in IP3R-1 expression level in MLE-12 cells also resulted in 
improved mitochondrial RCR by raising the ST3 respiratory 
rate while lowering the ST4 respiratory rate (Figure 6).

Furthermore, we evaluated mitochondrial Ca2+ uptake, 
mitochondrial ROS, and mitochondrial membrane poten-
tial by flow cytometry with specific probes. Based on our 
observations, LPS administration in MLE-12 cells increased 
mitochondria-to-ER transport of Ca2+ via MAM, thereby 
increasing the mitochondrial Ca2+ levels, which subse-
quently increased the production of the ROS and impaired 
mitochondrial function, as observed by decreased mitochon-
drial RCR and disrupted mitochondrial membrane potential 

Figure 4. Western-blotting assay on the indicated proteins in different subcellular fractions of the lung lysates. Data are presented for the lungs harvested from 
LPS-treated and control mice. (A) Expression of PDI, Grp-75, and IP3R-1 from different subcellular fractions. (B) to (D) Expressions of IP3R-1 and Mfn-2 in the MAM 
fraction of the lung lysates. (E) and (F) Western-blotting assay and quantitative analysis on IP3R-2 expression kinetics in the MAM fractions. PM: pure mitochondria; 
CM: crude mitochondria; MAM: mitochondria-associated endoplasmic reticulum membranes; ER: endoplasmic reticulum. All bars indicate mean ± SEM. *P < 0.05; 
n = 3; Student’s t-test or one-way ANOVA.
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(Figure 7). Silencing IP3R-1 in MLE-12 cells partially inhib-
ited calcium influx to mitochondria following treatment with 
LPS (MFI decreased from 1058 to 622).

Colocalization of VDAC-1 and IP3R-1 at the MAM was 
observed by immunofluorescence (Figure 8). A significant 
colocalization of VDAC-1 and IP3R-1 was observed in con-
trol MLE-12 cells regardless of LPS treatment (Figure 8). Low 
fluorescence intensity of IP3R-1 was observed in knockdown 
cells, indicating the efficacy of siRNA-mediated knockdown 
of IPR3-1 in MLE-12 cells. In IP3R-1 siRNA knockdown cells, 
the fluorescence intensity of IP3R-1 was much less com-
pared to VDAC-1 regardless of LPS treatment, resulting in 
decreased colocalization of VDAC-1 and IP3R-1 (Figure 8). 
However, following LPS treatment, the fluorescence inten-
sity of IP3R-1 protein increased in both control cells and 
IP3R-1 knockdown cells resulting in increased colocaliza-
tion of VDAC-1 and IP3R-1. Quantification of the colocali-
zation of VDAC-1 and IP3R-1 was performed by calculating 
Mander’s colocalization coefficient (Figure 9(A) and (B)). 
Regardless of LPS treatment, the colocalization coefficient 
decreased in IP3R-1 knockdown cells in comparison with 
controls. Following LPS administration, the colocalization 
coefficient increased in both control cells and IP3R-1 knock-
down cells.

Collectively, this loss-of-function approach supports that 
it is efficient to target structural and functional components 
of MAM for improving mitochondrial function in an ALI 
model.

Discussion

In this study, we demonstrated increased MAM formation, 
significant morphological changes in the mitochondria, and 
increased IP3R-1 expression in lung tissues of mice using the 
endotoxin-mediated ALI model. In vitro cell culture model, 
we have shown that MAM formation was reduced, and 
mitochondrial function was partially normalized in LPS-
induced MLE-12 cells when IP3R-1 function was silenced.

Since Bernhard et al.23 first discovered ER–mitochondrial 
contact under the electron microscope in the 1950s, various 
studies have displayed that more and more proteins can be 
detected on the MAM, which regulate the ER–mitochondrial 
interaction, thereby regulating various biological activities, 
like lipid metabolism,24 Ca2+ signaling,25 autophagy,26 main-
tenance of mitochondrial structure,27 and apoptosis.28 It is 
therefore unsurprising that the MAM turn out to be highly 
relevant to many diseases. Earlier studies have suggested 
that MAM demonstrated a complex association with dia-
betes and cancer.29 In recent years, emerging studies have 
indicated that MAM may be involved in infection and neu-
rodegeneration disease.30,31 However, the roles of MAM in 
endotoxin-induced ALI have not been fully established.

Approximately 40% of sepsis cases are prone to develop 
mild or severe ARDS.32 Both mitochondrial dysfunction and 
ER stress have essential effects on pathogenesis of sepsis-
mediated ALI and served as an indispensable signaling 
structure between the ER and mitochondria. We speculate 

Figure 5. Specific knockdown of IP3R-1 inhibited the ER and mitochondria interaction in MLE-12 cells challenged with LPS. (A) Representative TEMs of control 
MLE-12 (NC-siRNA) and knockdown MLE-12 (IP3R-1 siRNA) cells following either endotoxin or PBS treatments. Scale bar: 1 µm. White arrow indicates endoplasmic 
reticulum interacted with mitochondria. (B) to (D) The total number of mitochondria per field (B), the cross-sectional area of mitochondria per field (C), and the 
ratio between the percent of mitochondria connected to ER to the total mitochondrial perimeter (D). M: mitochondria. All bars are mean ± SEM. n = 6; *P < 0.05; 
***P < 0.001; one-way ANOVA.
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that MAM have implications for endotoxin-induced lung 
injury. The present work developed the endotoxin-induced 
ALI mouse model through LPS injection and found that 
increased MAM formation, altered mitochondrial morphol-
ogy (including mitochondrial swelling, vacuoles formation, 
and crest reduction), and diminished mitochondrial oxy-
gen consumption in the mice model of endotoxin-induced 
ALI. The mechanisms by which MAM promote endotoxin-
induced ALI and the remedies to help reduce its formation 
still remain to be studied.

Mitochondria represent the powerhouses, which are 
important for cell metabolism, and mitochondrial dysfunc-
tion has been shown to be the cause of the initiation and 
exacerbation of acute lung injury.33 Accordingly, improving 
mitochondrial function is of great importance for the treat-
ment of lung injury. Mitochondria show high dynamics, with 
constant fusion, division, and migration along cytoskeleton 

for forming a mitochondria network, and studies involving 
mitochondrial dynamics and MAM in recent years mainly 
focus on mechanism of mitochondrial fission and fusion.34 
As a necessary component for mitochondrial dehydrogenase 
function during cellular respiration and Kreb’s cycle, Ca2+ 
exerts a critical effect on regulating mitochondrial function.35 
Specific proteins have been identified in MAM for main-
taining optimum distance between organelles and co-ordi-
nate Ca2+ transporters or channels between mitochondria 
and ER, including Sig-1R, IP3R, mitofusin, and phospho-
furin acidic cluster sorting protein-2 (PACS-2).36–38 In this 
study, MAM-related protein levels were analyzed within 
mice lung lysates after LPS induction, as a result, IP3R-1, 
which is responsible for Ca2+ transport, was significantly 
upregulated, suggesting the enhanced ER-to-mitochondria 
transport of Ca2+. In addition, mitochondrial fusion protein 
Mfn-2 expression decreased, which was consistent with our 

Figure 6. Oxygen consumption measurements in isolated mitochondria from MLE-12 cells under different treatments. The graph indicates the mean ± SEM. n = 7; 
*P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA.

Figure 7. Mitochondrial Ca2+ influx, ROS, and mitochondrial membrane potential levels measured within different treated MLE-12 cells. Mitochondrial Ca2+ signal 
was determined with Rhod-2AM staining, ROS was determined with MitoSOX, mitochondrial membrane potential was analyzed with TMRM through flow cytometry. 
The mean fluorescence intensity (MFI) expressed as Geom. Mean is presented in each histogram overlay.
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Figure 8. Visualization of the VDAC-1/IP3R-1 complex by immunofluorescence. VDAC-1 was stained with DsRED (red), IPR3-1 was stained using FITC (green), 
whereas nucleus was stained using DAPI (blue). The yellow color on the merged images illustrates colocalization between VDAC-1 and IPR3-1. Scale bar = 50 µm.

Figure 9. Knockdown of IP3R-1 decreased the colocalization coefficient in MLE-12 cells challenged with LPS. (A) and (B) Quantification of the colocalization of 
VDAC-1 and IP3R-1 was performed by calculating Mander’s colocalization coefficient. The graph represents mean ± SEM; n = 3; *P < 0.05; one-way ANOVA.
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previous experimental results,5,6 suggesting that the propor-
tion of mitochondria in the state of division correspondingly 
increased. Furthermore, we collected different subcellular 
components in mouse lungs, including PM, CM, MAM, and 
ER by Percoll-based density gradient centrifugation and 
further found that the level of IP3R-1 increased and Mfn-2 
declined within purified MAM in comparison with control 
group. In addition, we reported that in LPS-mediated ALI 
mouse lungs, several changes in mitochondrial homeostatic 
functions were observed, such as increased Ca2+ concentra-
tion, significantly decreased membrane potential, increased 
ROS production, reduced respiratory control rate, and 
extremely impaired mitochondrial function. Therefore, we 
hypothesized that MAM formation was elevated, and IP3R-1 
expression was significantly upregulated among ALI mice 
caused by LPS, which resulted in calcium overload in the 
mitochondria leading to mitochondrial dysfunction.

To confirm the role of IP3R-1 on mitochondrial function 
during acute lung injury, IP3R-1 knockdown MLE-12 cells 
were exposed to LPS. As expected, IP3R-1 knockdown sig-
nificantly reduced MAM formation compared to the control 
cells in response to LPS. Concomitantly, the levels of Ca2+ 
and ROS production were reduced in the mitochondria, and 
mitochondrial membrane potential and respiratory control 
rate were improved significantly in IP3R-1 knockdown MLE-
12 cells. VDAC-1 is a MAM tether protein that is involved 
in Ca2+ accumulation in the mitochondria.39,40 Szabadkai et 
al.13 found that VDAC-1 bound to ligand-binding domain 
of IP3R-1 and facilitates mitochondrial Ca2+ uptake. In this 
study, we used immunofluorescence for the visualization of 
the VDAC-1/IP3R-1 complex and found that VDAC-1-to-
IP3R-1 connection was enhanced during the LPS adminis-
tration which facilitated ER-to-mitochondrial transport of 
Ca2+, then causing mitochondrial impairment; however, 
knocking down IP3R-1 could hamper the connection when 
the MLE-12 cells were exposed to LPS. To sum up, these 
results suggested that downregulation of IP3R-1 expression 
dramatically reduced mitochondrial calcium overload and 
alleviated mitochondrial dysfunction.

Certain limitations should be noted in this work. First, 
this work analyzed effect of IP3R-1 on MAM formation and 
mitochondrial function, but the upstream as well as down-
stream regulators for IP3R-1 signaling pathway should be 
further elucidated in ALI model. Second, in this study, the 
siRNA method was used to silence IP3R-1 function only in 
the endotoxin-induced cell culture model. Studies on condi-
tional IP3R-1 knockout mice may provide more insights into 
the mitochondrial function in the endotoxin-induced ALI 
model. Expression analysis of IP3R-1 in the MAM of clinical 
patients with sepsis constitutes our next research direction. 
Third, Desouza et al.41 ascertained that IP3R was a key locus 
for the regulation of proapoptotic and antiapoptotic factors. 
Therefore, the influence of IP3R-1 on apoptosis via the mito-
chondrial pathway in ALI remains to be explored. Finally, 
we notice that the expression levels of Mfn-2 in the MAM 
are considerably downregulated in the ALI model, but the 
exact role and mechanism by which Mfn-2 promotes the 
formation of MAM remain to be seen, and further research 
is required.

In conclusion, as demonstrated by this study, IP3R-1 con-
tributes to MAM formation and mitochondrial oxidative 

stress during endotoxin-induced ALI primarily by means 
of mitochondrial dysfunction caused by Ca2+ overload. This 
being the case, it is conceivable that targeted inhibition of 
IP3R-1 function may become an effective strategy to treat 
lung injury in sepsis patients.
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