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Abstract

Mechanical ventilation may cause ventilator-induced lung injury (VILI) in patients requiring ventilator support. Inhibition
of autophagy is an important approach to ameliorate VILI as it always enhances lung injury after exposure to various stress
agents. This study aimed to further reveal the potential mechanisms underlying the effects of geranylgeranyl diphosphate
synthase large subunit 1 (GGPPS1) knockout and autophagy in VILI using C57BL/6 mice with lung-specific GGPPS1 knock-
out that were subjected to mechanical ventilation. The results demonstrate that GGPPS1 knockout mice exhibit significantly
attenuated VILI based on the histologic score, the lung wet-to-dry ratio, total protein levels, neutrophils in bronchoalveolar
lavage fluid, and reduced levels of inflammatory cytokines. Importantly, the expression levels of autophagy markers were
obviously decreased in GGPPS1 knockout mice compared with wild-type mice. The inhibitory effects of GGPPS1 knockout
on autophagy were further confirmed by measuring the ultrastructural change of lung tissues under transmission electron
microscopy. In addition, knockdown of GGPPS1 in RAW264.7 cells reduced cyclic stretch-induced inflammation and
autophagy. The benefits of GGPPS1 knockout for VILI can be partially eliminated through treatment with rapamycin. Further
analysis revealed that Rab37 was significantly downregulated in GGPPS1 knockout mice after mechanical ventilation, while
it was highly expressed in the control group. Simultaneously, Rab37 overexpression significantly enhances autophagy in
cells that are treated with cyclin stretch, including GGPPS1 knockout cells. Collectively, our results indicate that GGPPS1
knockout results in reduced expression of Rab37 proteins, further restraining autophagy and VILI.
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Introduction

Protective ventilation is currently applied in a one-size-fits-
all manner, and although this practical strategy has reduced
the incidence of death due to acute respiratory distress syn-
drome (ARDS), mortality is still high and improvements are
at a standstill [1]. Furthermore, it remains poorly understood
how ventilator-induced lung injury (VILI) can be minimized
for any given lung, and the issue is, moreover, controversial.
Mechanical ventilation in patients with acute lung injury
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can exacerbate lung dysfunction and damage through the
inflammatory response pathway [2, 3]. The complexity of
and various factors involved in the pathogenesis of ARDS
make the development of effective targeted strategies for
the control of further inflammation and damage extremely
difficult. Recent studies have found that autophagy is closely
related to the key processes underlying lung damage and
inflammation, such as microvascular barrier dysfunction
[4], endothelial cell barrier dysfunction [5], oxidative stress
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[6], and macrophage-mediated lung inflammation [7].
Autophagy may play a key role in the mechanisms underly-
ing VILI and the autophagic machinery could potentially be
targeted therapeutically [8].

Our previous studies revealed that geranylgeranyl diphos-
phate synthase (GGPPS) large subunit 1 (GGPPS1) contrib-
utes to pulmonary inflammation and disease progression in
pulmonary fibrosis [9] and alleviates lung injury in VILI
mice [10]. However, whether GGPPS1 exerts its biological
function in VILI via regulation of autophagy is still unclear.
Therefore, a better understanding of the mechanisms under-
lying GGPPS1-mediated inflammation and injury is cru-
cial for the development of improved therapies for acute
lung injury. Here, we demonstrate that GGPPS1-mediated
autophagy is involved in VILI inflammation pathogenesis
and could serve as a theoretical basis upon which mini-
mally injurious mechanical ventilation strategies might be
developed.

In the present study, we investigate the ventilator-trig-
gered autophagy response both in cultured cells and in a
VILI mouse model. This study also provides a foundation for
further research on GGPPS1-Rab37-mediated and inflam-
mation-related autophagy signaling pathways in VILIL.

Materials and methods
Animals and VILI model

SPF-grade male C57BL/6 mice (10 weeks old, 22-25 g)
were obtained from the Model Animal Research Center of
Nanjing University (Nanjing, China). All animal experi-
ments were approved by the Animal Care and Use Com-
mittee of the Affiliated Jiangning Hospital of Nanjing
Medical University. Animal were fed as described in our
previously published paper [10]. C57BL/6 mice with lung-
specific GGPPS1 knockout (GGPPS | $pe~rTA-teTO—cre—floxP/
floxP ' GGPPS1~/~) were kindly provided by the Laboratory
of Prof. Li Chaojun (Model Animal Research Center and the
Medical School of Nanjing University) as a gift.

To construct the VILI animal model, mice were sub-
jected to mechanical ventilation with prior anesthesia by
intraperitoneal injections of pentobarbitone (90 mg/kg). In
brief, the mice were fixed in a supine position, the neck skin
was incised, and the trachea was exposed. Mice in the model
group were ventilated with a tidal volume of 28 ml/kg for 4 h
by the ventilator (ALC-V8, Alcott Biotech Co., Ltd., Shang-
hai, China). Mechanical ventilation was conducted with a
respiratory rate of 60 breaths/min, an inspiratory:expiratory
ratio of 1:1, an inspired O, concentration of 0.21, and a
positive end-expiratory pressure of 0 cm H,O. To evaluate

@ Springer

the effects of autophagy on VILI, mice were intravenously
injected with 30 mg/kg 3-MA (Sigma-Aldrich, St. Louis,
MO, USA) or 8 mg/kg rapamycin (RAPA, Sigma-Aldrich)
following 1 h of mechanical ventilation. An equal volume of
saline was intravenously injected as a blank control. Finally,
the mice were killed by cervical dislocation, and the lung
tissues and the bronchoalveolar lavage fluid (BALF) were
collected for the following experiments.

Tissue processing

The collected right lung upper lobe was fixed with 10% neu-
tral formalin, dehydrated, and embedded. The tissues were
sliced into 4-pum-thick sections and stained with hematoxy-
lin and eosin (HE). The stained tissues were photographed
under an optical microscope (Nikon, Tokyo, Japan). The
lung injury was scored by a histologic scoring system as
described in a previously published article [11].

For immunofluorescence, the dewaxed and dehydrated
sections were washed with 0.01 M PBST three times (5 min
per time). After blocking with 10% BSA for 30 min at 37 °C,
sections were incubated with anti-LC3B (1:50, Cell Signal-
ing Technology, Danvers, MA, USA) overnight at 4 °C. Cell
nuclei were stained with DAPI. Image] software was used to
count the LC3B-positive puncta per cell.

The left lung was used for BALF collection and the lung
wet-to-dry ratio was calculated. The dry lung weight was
recorded after incubation of the wet lung tissues for 72 h
at 70 °C.

BALF analysis

The left lung was lavaged three times with 0.8 ml PBS. The
collected lavage fluid was subjected to centrifugation for
10 min at 1000 g and 4 °C. The supernatant was collected
for use as BALF, and the total protein content was measured
using a BCA kit (KeyGen Biotech, Nanjing, China). To cal-
culate the percentage of neutrophils in BALF, the collected
BALF cells were resuspended in PBS supplemented with
10% fetal calf serum (Gibco, Grand Island, NY, USA). A
sample of 5x 10° cells was probed by a specific anti-neu-
trophil antibody (Abcam, Cambridge, MA, USA) for 30 min
and then incubated with a FITC-labeled secondary antibody
(Abcam) for another 30 min. The fluorescence intensity of
each sample was analyzed by CytoFLEX flow cytometry
(Beckman, CA, USA).

Transmission electron microscopy

The lung tissues of mice were mixed with 2% glutaralde-
hyde and then post-fixed with 1% osmium tetroxide for
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1 h. The tissues were dehydrated in ethanol solutions and
embedded in propylene oxide. Next, tissues were cut into
ultrathin sections, which were stained by uranyl acetate
(Ieda Chemicals, Tokyo, Japan) and lead citrate (Sigma-
Aldrich). The stained sections were finally analyzed under
by transmission electron microscopy (TEM, Servicebio,
Wuhan, China).

Cell culture

RAW264.7 cells (ATCC, Manassas, VA, USA) were cul-
tured in Dulbecco’s Modified Eagle’s Medium containing
4 mM L-glutamine, 4500 mg/l glucose, | mM sodium
pyruvate, and 1500 mg/l sodium bicarbonate (all from
Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NY, USA). Cells were main-
tained at 37 °C in a humidified incubator with 5% CO,.
For induction of autophagy, cells were treated with 50 nM
RAPA for 30 min. The autophagic flux was measured
by treating cells with 50 pM chloroquine (CQ, Sigma-
Aldrich, USA), an inhibitor of lysosomal degradation, for
8h[12].

shRNA transfection

LV12 (U6 /Luciferase05 & Puro) shGGPPS1 (5'-ACCTCG
GGACAAGGCCTC GATATTTATCAAGAGTAAATATCG
AGGCCTTGTCCCTT-3") and scrambled negative con-
trol sShRNA (shNC; 5'-ACCTCGATGAACCAGAGCGTC
TTAGTTCAAGAGACTAAGACGCTCTGGTT CATCTT
-3") were purchased from GenePharma (cat. No.: C06006;
Shanghai, China). RAW264.7 cells were infected with len-
tiviruses expressing shGGPPS1 or shNC for 72 h at 37 °C.
Mouse GGPPS1 cDNA was amplified by PCR and cloned
into pcDNA3.0 for constructing the Rab37 overexpres-
sion plasmid (pcRab37), which was bought from Ribobio
(Guangzhou, China). Transient transfection was performed
using Lipofectamine® 3000 (Invitrogen, Carlsbad, CA,
USA) for 48 h at 37 °C.

Cyclic stretch

Transfected cells were subjected to cyclic stretching using an
FX-5000 T Flexcell Tension system (Flexcell International,
McKeesport, PA, USA) at 30 cycles/min and 30% amplitude.
Cyclic stretch was set at 20% changes and the cells were
stretched for 4 h at 37 °C in a cell culture incubator. Non-
stretched cells served as the negative control.

ELISA

The concentrations of cytokines, including IL-6, IL-1p,
IL-18, and TNF-a, in BALF and cell culture supernatants
were analyzed by ELISA kits from eBioscience (San Diego,
CA, USA), according to the manufacturer’s protocols.

qRT-PCR

Total RNA in lung tissues and RAW264.7 cells were
extracted using TRIzol reagent with or without grinding the
cells/tissues in liquid nitrogen. RNA was reverse transcribed
into cDNA using TB Green Premix Ex Taq II (Takara,
Dalian, China). qPCR analysis was conducted using an Mx-
3000P Sequence Detection System (Agilent, CA, USA) with
the SYBR Premix Ex Taq kit (Takara). The primers used in
this study were synthesized by Takara Bio, Inc. The primer
sequences can be found in our previously published article
[10]. The expression levels of target genes were normalized
to B-actin.

Western blot

Total protein was isolated from lung tissues and RAW264.7
cells using RIPA lysis buffer (Beyotime, Shanghai, China).
The protein concentration was measured using a BCA kit
(KeyGen Biotech). An equal volume per sample was sub-
jected to 10% SDS-PAGE and the proteins were transferred
onto PVDF membranes (Millipore, Bedford, MA). The
membranes were blocked in 5% non-fat milk and probed
with anti-GGPPS1 (1:1000, Santa Cruz Biotechnology,
Santa Cruz, CA), anti-IL-1p (1:1000, Abcam), anti-IL-6
(1:1000, Abcam), anti-IL-18 (1:200, Abcam), anti-TNF-a
(1:1000, Abcam), anti-LC3B (1:200, Abcam), anti-ATG5
(1:1000, Cell Signaling Technology, Danvers, MA), anti-
Beclinl (1:1000, Cell Signaling Technology), anti-Rab37
(1:500, Abcam), and anti-Actin (1:1000, Santa Cruz Bio-
technology). After washing, the membranes were probed
with HRP-conjugated secondary antibodies (1:2000,
Abcam) and the signal was detected by the classical ECL
method.

Statistics

Data presented in this study are shown as mean + SD. Ani-
mal experiments were performed using n =8 mice per group.
The in vitro data were obtained from three independent
experiments. Statistical differences between groups were
analyzed by ANOVA in SPSS software (version 19.0, SPSS
Inc., Chicago, IL, USA). P values less than 0.05 were con-
sidered to indicate statistical significance.
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Results
GGPPS1 knockout ameliorated VILI in mice

At first, an animal model of VILI was established by con-
ducting mechanical ventilation in C57BL/6 mice. Obvious
diffuse lung injury was observed in VT groups (rats receiv-
ing ventilation) (P <0.05, Fig. 1a, b). The lung injury was
accompanied by pulmonary edema, focal hemorrhage,
disrupted alveolar structural integrity, alveolar epithelial
cell necrosis, alveolar septum thickening, and interstitial
hyperemia. GGPPS1 knockout significantly attenuated
the severity of VILI (P <0.05) while it had no signifi-
cant effects on normal rats (P >0.05). The lung wet-to-dry
ratio was high in the VT group, and GGPPS1 knockout
significantly reduced the ratio to normal levels (P <0.05,
Fig. 1c). In addition, the total protein levels and neutrophil
counts in BALF were significantly higher in the VT group
(P <0.05, Fig. 1d, e). GGPPS1 knockout significantly
reduced the total protein levels and neutrophil counts in
VT mice (P <0.05) but not in normal mice (P> 0.05).
Since lung injury and neutrophil infiltration were
observed in mice of the VT group, we then analyzed the
production and release of inflammatory cytokines in dif-
ferent groups. As shown in Fig. 2a, the levels of inflamma-
tory cytokines including IL-1f, IL-6, IL-18, and TNF-a
in BALF were significantly higher in VT mice than in
control mice (P <0.05). Accordingly, in the lung tissues,
the expression levels of these cytokines, at both mRNA
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Fig.1 GGPPS1 knockout ameliorated VILI in mice. C57BL/6 mice
with lung-specific GGPPS1 knockout (GGPPS1~/7) and wild-type
(WT) mice were subjected to mechanical ventilation (VT) or not.
a Lung injury was analyzed by HE staining and b lung injury was
scored. ¢ Mouse lungs were collected for calculation of the wet-to-
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and protein levels, were significantly higher in the VT
group than in the control group (P < 0.05, Fig. 2b, ¢).
GGPPS1 knockout reduced the production and release of
these cytokines in VT mice, but had no significant effects
on normal mice (P <0.05). These results indicated that
the VILI animal model was established successfully and
GGPPS1 knockout ameliorated VILI in mice.

GGPPS1 knockout inhibited autophagy in VILI mice

The impacts of GGPPS1 knockout on autophagy in VILI
mice were then studied. The ultrastructural change of
lung tissues was observed by TEM. The lung tissues in
the VT group presented significant alveolar type II epi-
thelial cell degeneration, vacuolated eosinophilic lamel-
lar bodies, swollen mitochondria, increased matrix elec-
tron density, and disordered or missing cristae (Fig. 3a).
GGPPS1 knockout remarkably attenuated these ventila-
tion-induced manifestations, and it additionally reduced
the number of autophagosomes. The expression levels of
autophagy-related proteins, including LC3 I/II, ATGS, and
Beclinl, were remarkably increased in VILI mice as com-
pared with normal mice (Fig. 3b). It seems that GGPPS1
knockout downregulated these proteins in VILI mice but
not in normal mice. The results for immunofluorescence
experiments indicated that the number of LC3B-positive
puncta was found to be higher in the VT group than in
the control group (P < 0.05, Fig. 3c, d). GGPPS1 knockout
significantly reduced the number of LC3B-positive puncta
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Fig.2 GGPPS1 knockout ameliorated mechanical ventilation-
induced inflammation in mice. C57BL/6 mice with lung-specific
GGPPS1 knockout (GGPPS1™") and wild-type (WT) mice were
subjected to mechanical ventilation (VT) or not. a The contents of
inflammatory cytokines, including IL-1p, IL-6, IL-18, and TNF-

in the VT group (P <0.05), but not in the control group
(P>0.05).

Inhibition of autophagy ameliorated VILI in mice

To identify the specific role of autophagy in the event of
VILI, 3-MA (a key inhibitor of autophagy) was intrave-
nously injected into mice. The severity of VILI was sig-
nificantly reduced by 3-MA treatment (P <0.05, Fig. 4a,
b). In line with this, the lung wet-to-dry ratio (Fig. 4c),
the total protein levels (Fig. 4d), neutrophil counts
(Fig. 4e), and the concentrations of cytokines in BALF
(Fig. 4f) in VILI mice were all significantly reduced by
3-MA treatment (all P <0.05). The upregulation of LC3
I/II, IL-1p, IL-6, IL-18, and TNF-a proteins induced
by ventilation in mouse lung tissues was also obviously
attenuated by 3-MA (Fig. 4g). These data suggest that
autophagy acts as a disease-promoting progress and that
inhibition of autophagy effectively ameliorates VILI.
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a, in BALF were measured by ELISA. b mRNA and ¢ protein lev-
els of the inflammatory cytokines were measured by qRT-PCR and
western blot, respectively. ns, not significant; *P <0.05; **P <0.01;
##%P <0.001 vs. the indicated group

GGPPS1 knockout ameliorated VILI in mice
via inhibition of autophagy

GGPPS17~~ mice with VILI were treated with RAPA
(a key activator of autophagy) to investigate whether
GGPPS1 mediates VILI via regulation of autophagy.
As shown in Fig. 5a, b, the protective function induced
by GGPPS1 knockdown was significantly eliminated
by intravenous injection of RAPA (P <0.05). The lung
wet-to-dry ratio (Fig. 5c), total protein levels (Fig. 5d),
neutrophil counts (Fig. 5e), and cytokine levels in BALF
(Fig. 5f), which were reduced by GGPPS1 knockout,
were significantly increased by RAPA (P < 0.05). Pro-
tein expression of LC3 I/II and inflammatory cytokines
that were downregulated by GGPPS1 knockout were
reversed by RAPA (P <0.05, Fig. 5g). Taken together,
these results indicate that the beneficial function of
GGPPS1 knockout could be eliminated by RAPA, indi-
cating that GGPPS1 knockout ameliorates VILI via inhi-
bition of autophagy.
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«Fig.3 GGPPS1 knockout inhibited autophagy in VILI mice.
C57BL/6 mice with lung-specific GGPPS1 knockout (GGPPS1~")
and wild-type (WT) mice were subjected to mechanical ventila-
tion (VT) or not. a The ultrastructural changes of lung tissues were
observed by TEM. b Protein expression of autophagy markers,
including LC3 I/II, ATGS, and Beclinl, was detected by western blot
analysis. ¢, d LC3B-positive puncta in lung tissues were analyzed by
immunofluorescence. ns, not significant; *P <0.05; ***P <0.001 vs.
the indicated group

GGPPS1 knockdown ameliorated cyclic
stretch-induced cytokine release from RAW264.7
cells

RAW?264.7 cells were subjected to cyclic stretch to gen-
erate a cell model of VILI. The content of inflamma-
tory cytokines in the cell supernatant was significantly
increased in the cyclic stretch group (P <0.05, Fig. 6a).
In addition, the protein levels of these cytokines were
upregulated by cyclic stretch (Fig. 6b), indicating that the
VILI cell model was established successfully. In addition,

GGPPS1 knockdown by shRNA significantly attenuated
the inflammation induced by cyclic stretch, as evidenced
by the reduced release and expression of IL-1p, IL-6,
IL-18, and TNF-a. The number of autophagosomes was
sharply increased by cyclic stretch, while it was reduced
by GGPPS1 knockdown (P < 0.05, Fig. 6¢). Protein
expression of LC3 I/II, ATGS, and Beclinl, which was
induced by cyclic stretch, was downregulated by GGPPS1
knockdown (Fig. 6d). To further confirm the effects of
GGPPS1 knockdown on cyclic stretch-induced autophagy,
CQ was used to treat cells for inhibiting lysosomal deg-
radation of autophagosomes. As expected, the accumula-
tion of LC3 II was higher in CQ-treated cells. GGPPS1
knockdown in CQ-treated cells remarkably downregu-
lated LC3 II, which accompanied by the observed down-
regulation of IL-1f, IL-6, IL-18, and TNF-a (Fig. 6e).
Moreover, the number of LC3B-positive puncta in cyclic
stretch-treated cells was reduced by GGPPS1 knock-
down (P <0.05, Fig. 6f, g), which further confirmed the
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Fig.4 Inhibition of autophagy ameliorated VILI in mice. Wild-type
(WT) C57BL/6 mice were subjected to mechanical ventilation (VT)
and intravenously injected with 3-MA (a key inhibitor of autophagy).
a Lung injury was analyzed by HE staining and b lung injury was
scored. ¢ Mouse lungs were collected for calculation of the wet-to-
dry ratio. d Total protein levels in BALF were analyzed using a BCA

kit. e Neutrophils in BALF were analyzed by flow cytometry. f The
contents of inflammatory cytokines, including IL-1f, IL-6, IL-18,
and TNF-a, in BALF were measured by ELISA. g Protein expression
of LC3 I/II and cytokines was analyzed by western blot. *P <0.05;
**P <0.01; ¥**¥*P <0.001 vs. the indicated group
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Fig.5 GGPPS1 knockout ameliorated VILI in mice via inhibition
of autophagy. C57BL/6 mice with lung-specific GGPPS1 knockout
(GGPPS177) and wild-type (WT) mice were subjected to mechani-
cal ventilation (VT) or not. The GGPPS1™'~ mice in the VT group
were then intravenously injected with RAPA (a key activator of
autophagy). a Lung injury was analyzed by HE staining and b lung
injury was scored. ¢ Mouse lungs were collected for calculation of the

anti-inflammatory function of GGPPS1 knockdown in the
event of VILI.

GGPPS1 knockdown ameliorated cytokine
release from RAW264.7 cells via regulation
of Rab37-mediated autophagy

RAPA was then used to validate the role of autophagy
in the cytoprotective effects of GGPPS1 knockdown. As
shown in Fig. 7a, b, the increased release and expres-
sion of cytokines upon cyclic stretch were significantly
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a BCA kit. e Neutrophils in BALF were analyzed by flow cytome-
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IL-18, and TNF-a, in BALF were measured by ELISA. g Protein
expression of LC3 I/II and cytokines was analyzed by western blot.
*P<0.05; ¥**P<0.01; #**P <0.001 vs. the indicated group

eliminated by RAPA. These data suggest that GGPPS1
knockdown ameliorates cyclic stretch-induced cytokine
release from RAW?264.7 cells via inhibition of autophagy.
Furthermore, we studied how GGPPS1 knockdown medi-
ates autophagy inhibition. Rab37 has been recently identi-
fied as a pivotal organizer of autophagosomal membrane
biogenesis [13]. Therefore, we detected the expression of
Rab37 following GGPPS1 knockout. As shown in Fig. 7c,
d, Rab37 was remarkably upregulated in both the mouse
model and the cell model of VILI. GGPPS1 knockout in
mice and GGPPS1 knockdown in RAW?264.7 cells down-
regulated Rab37 expression to basic levels. Moreover, the
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release and expression of cytokines, which were reduced
by GGPPS1 knockdown in RAW?264.7 cells, were signifi-
cantly increased upon Rab37 overexpression (P <0.05,
Fig. 7e, ). All these data indicate that GGPPS1 knock-
down ameliorates cyclic stretch-induced cytokine release
from RAW?264.7 cells via regulation of Rab37-mediated
autophagy.

Discussion

It has been confirmed that long-term exposure of lungs
to stretching leads to the recruitment of inflammatory
cells (including neutrophils) and induces the production
and release of cytokines, ultimately damaging alveolar
epithelial cells [14]. Mechanical ventilation-induced
inflammation and lung injury are major downsides of
protective ventilation strategies. Although the inflamma-
tory initiation process of VILI has been widely studied,
the mechanisms underlying inflammation in VILI are not
fully understood. GGPPS is a branch enzyme that con-
verts farnesyl diphosphate to geranylgeranyl diphosphate
in the mevalonate pathway [15].

GGPPS has been confirmed to be closely associ-
ated with inflammation and organ damage [16—18].
Our previous series of studies confirmed that GGPPS
can regulate the inflammatory response induced by
lipopolysaccharide(LPS), bleomycin, and mechanical
ventilation and plays an important role in the pathogen-
esis of lung injury and pulmonary fibrosis [9, 19, 20]. In
this study, we found that (1) GGPPS1 knockout inhibits
autophagy in VILI mice, (2) GGPPS1 knockout ame-
liorates VILI in mice via inhibition of autophagy and
(3) GGPPS1 knockdown ameliorates cytokine release
from RAW264.7 cells via regulation of Rab37-mediated
autophagy.

Several studies have confirmed that mechanical ven-
tilation, based on the presence of pulmonary inflamma-
tion, is associated with a significant risk of lung injury
with pulmonary edema and focal pulmonary hemorrhage
[21, 22]. Mechanical ventilation increases the influx
of neutrophils into BALF and augments the release of
inflammatory cytokines, including IL-1p, IL-6, IL-18,
and TNF-a. The protective effects of GGPPS1 knock-
out demonstrated here are consistent with our previous
report [10]. Previous studies suggested that autophagy
also plays an important role in inflammation and injury
[23, 24]; for example, autophagy modulates endothelial

junctions to restrain neutrophil diapedesis during inflam-
mation[23], dysregulated autophagy contributes to the
pathogenesis of acute kidney injury [24, 25] and myo-
cardial ischemia—reperfusion injury [26], and autophagy
is specifically dysregulated by SARS-CoV-2 ORF3 in
COVID-19 pathophysiology [27]. Autophagy is an intra-
cellular digestion system that acts as an inducible adap-
tive response to lung injury which is a result of exposure
to various stress agents such as hypoxia, ischemia-rep-
erfusion, and xenobiotics [28]. Therefore, what is the
regulatory relationship between GGPPS and autophagy
in VILI? Our study found that GGPPS inhibits inflamma-
tion and lung injury through inhibition of the autophagy
signaling pathway. These phenomena have also been
reported in other studies of autophagy, inflammation,
and lung injury, which found that autophagy prevents
increased lung permeability and hypoxemia by down-
regulating inflammasome activity, IL-1 expression,
and endoplasmic reticulum stress in both LPS-induced
inflammation and VILI [29, 30].

We further explored the specific regulators of
autophagy in both the animal model and the cell model
of VILI, and we discovered that the protein levels of
LC3 I/II, ATGS, and Beclinl were upregulated remark-
ably. In mammals, autophagy is controlled by Atg genes.
The Atgl2-Atg5 and Atg8/LC3 conjugation systems
are required for the formation of autophagosomes [31].
The C-terminus of Atg8/LC3 can be cleaved by Atg4
proteases to generate cytoplasmic LC3 1. LC3 I is then
converted to LC3 II by Atg7 and Atg3. The LC3 I/II
level has been considered as a key marker of autophagy
flux [32]. In addition to LC3, Beclinl is also involved in
the initial steps of autophagy by regulating the recruit-
ment of ATG proteins [33]. This finding was in line with
several previous studies [7, 34], evidencing autophagy
is critical in the development of VILI. Of note, we for
the first time report that GGPPS1 deficiency protects
against VILI through inhibition of autophagy. As MV
results in a variation in pulmonary lesions in a time- and
tidal volume-dependent manner [35-37], further stud-
ies are required to uncover the expression of GGPPS1
and autophagy biomarkers in mouse lungs ventilated
with different time and tidal volume. In addition, the
effects of GGPPS1 knockout on mouse VILI models
ventilated with different time and tidal volume should
be confirmed.

Then, we observed that Rab37 was upregulated
in VILI models and GGPPS1 deficiency remarkably
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«Fig.6 GGPPS1 knockdown ameliorated cyclic stretch-induced
cytokine release from RAW264.7 cells. RAW264.7 cells were trans-
fected with GGPPS1-specific shRNA (shGGPPS1) or negative con-
trol shRNA (shNC). The transfected cells were then subjected to
cyclic stretch (CS) or not. a The content of inflammatory cytokines
in the cell supernatant was analyzed by ELISA. b Protein expres-
sion of cytokines was analyzed by western blot. ¢ Autophagosomes
and autolysosomes were observed by TEM. d Protein expression of
autophagy markers was detected by western blot. e Protein expres-
sion of LC3 II and cytokines in chloroquine (CQ)-treated cells was
analyzed by western blot. f, g Intracellular LC3B-positive puncta
were analyzed by immunofluorescence. *P<0.05; **P<0.01;
##%P <0.001 vs. the indicated group

decreased its expression. In addition, Rab37 overex-
pression in VILI cells significantly attenuated GGPPS1
knockdown-induced anti-inflammatory functions. Rab
GTPases are proteins that are responsible for regulating

IL-18 (pg/mi)

intracellular membrane trafficking [38]. It has been
reported that numerous Rab proteins, including Rab7,
Rab8B, Rab24, and Rab37, are required for autophagy
[13, 39, 40]. Suppression of Rab37 expression and activ-
ity is effective in controlling autophagy [41]. Our study
suggests that GGPPS1 knockdown regulates autophagy
in the lung by regulating the expression of rab37. How-
ever, further studies are needed to elucidate the complex
relationship between GGPPS, rab37, and autophagy.

In conclusion, by establishing animal and cell models
of VILI, the protective function of GGPPS1 deficiency
against VILI was confirmed in this study. The protec-
tive effects of GGPPSI1 deficiency against VILI might
be mediated by inhibition of Rab37-mediated autophagy
(Fig. 8). The findings of this study highlight GGPPS1 as
a potential target for VILI treatment.
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Fig.7 GGPPS1 knockdown ameliorated cytokine release from
RAW264.7 cells via regulation of Rab37-mediated autophagy. a
RAW264.7 cells transfected with GGPPS1-specific shRNA (shG-
GPPS1) or negative control shRNA (shNC) were subjected to
cyclic stretch (CS) or not. Cells were treated with RAPA to induce
autophagy. The content of inflammatory cytokines in the cell super-
natant was analyzed by ELISA. b Protein expression of cytokines
was analyzed by western blot. Rab37 protein expression levels in ¢

IL-18 (pg/ml)
TNF-a (pg/ml)

g

GGPPS1™~ mice subjected to mechanical ventilation (VT) and d
GGPPS1 knockdown RAW264.7 cells subjected to CS were analyzed
by western blot. e The Rab37 overexpression plasmid (pcRab37)
was transfected into RAW264.7 cells. The content of inflammatory
cytokines in the cell supernatant was analyzed by ELISA. f Protein
expression of cytokines was analyzed by western blot. *P <0.05;
**P <0.01; ¥**¥*P <0.001 vs. the indicated group
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Fig.8 Schematic diagram of the
effects of GGPPS1 on mechani-
cal stretch-induced lung injury
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