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Abstract
Although mammalian target of rapamycin inhibitors (mTORi) are used to treat various malignancies, they frequently induce
active alveolitis and dyslipidemia. Abnormal lipid metabolism affects alveolar surfactant function and results in pulmonary
disorders; however, the pathophysiology of lung injury and its relationship with lipid metabolism remain unknown. We
investigated the relationship between lipid metabolism and alveolar epithelial injury, focusing on peroxisome proliferator-
activated receptor-γ (PPAR-γ) as a lipid stress-related factor in mTORi-induced lung injury. We clinicopathologically exam-
ined three patients with mTORi-induced lung injury. We constructed an mTORi injury mouse model using temsirolimus in
mice (30 mg/kg/day), with the vehicle control and bleomycin injury groups. We also constructed a cultured alveolar
epithelial cell injury model using temsirolimus (0–40 μM) in the mouse lung epithelial cell line MLE-12 and performed
analysis with or without pioglitazone (PPAR-γ agonist) treatment. All three patients had dyslipidemia and lung lesions of
hyperplastic pneumocytes with foamy and enlarged changes. In the mouse model, temsirolimus induced significantly higher
levels of total cholesterol and free fatty acids in serum and higher levels of surfactant protein D in serum and BAL fluid with
an increase in inflammatory cytokines in the lung compared to control. Temsirolimus also induced hyperplastic foamy
pneumocytes with increased lipid-associated spots and larger round electron-lucent bodies compared to the control or
bleomycin groups in microscopic analyses. Multiple lipid-associated spots within the cytoplasm were also induced by
temsirolimus administration in MLE-12 cells. Temsirolimus downregulated PPAR-γ expression in mouse lung and MLE-12
cells but upregulated cleaved caspase-3 in MLE-12 cells. Pioglitazone blocked the upregulated cleaved caspase-3 expression
in MLE-12 cells. The pathogenesis of mTORi-induced lung disease may be involved in alveolar epithelial injury, via lipid
metabolic stress associated with downregulated PPAR-γ expression. Focusing on the relationship between lipid metabolic
stress and alveolar epithelial injury represents a potentially novel approach to the study of pulmonary damage.

Introduction

The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase located downstream of the phosphoinositide-
3 kinase-Akt signaling system and has a number of roles as a
regulatory factor in the cell cycle, apoptosis, angiogenesis,
and metabolism. Inhibitors of mTOR (mTORi) have drawn

attention as antitumor agents, and their application in disease
treatment has expanded not only to renal cell carcinoma and
pancreatic neuroendocrine tumors but also to breast cancer
and tumor lesions associated with tuberous sclerosis. There-
fore, their frequency of use is expected to continue to
increase. However, mTORi have serious side effects. In a
retrospective chest computed tomography (CT) image eva-
luation after phase III trials in renal cell cancer patients
administered temsirolimus (an mTORi), 29.2% (52/178) of
patients developed radiographically identified drug-related
pneumonitis [1]. Moreover, lymphocytic alveolitis [2, 3],
organizing pneumonia [4], and granulomatous formation [5]
have been reported as phenotypes of mTORi-induced lung
injury.

mTORi are also known to produce side effects, such as
hypercholesterolemia and hypertriglyceridemia, through the
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suppression of adipogenesis in adipose tissue [6], and >20%
of patients in clinical trials exhibited dyslipidemia [7, 8].

Homeostasis of the intrapulmonary lipid environment is
important for lung maintenance. The alveolar surfactant,
which is the main component of the intrapulmonary lipid
environment, is regulated by lipid absorption from the
systemic circulation, in addition to the secretion, reuptake,
reutilization, and catabolism of lipids in type II alveolar
epithelium (ATII) cells [9]. In a study of 43 patients with
dyslipidemia, several pulmonary gaseous exchange
abnormalities, such as decreased arterial oxygen tension and
carbon monoxide diffusion capacity, and the loss of venti-
lation/perfusion ratio distribution gradient have been
reported [10]. It is also known that lipid droplets may
appear in the cytoplasm as a result of cellular stress such as
inflammation and oxidative stress in ATII cells [11].
Regarding the relationship between lipid metabolism
abnormality and pulmonary fibrosis, some reports have
indicated that fatty acid intake [12] and high free fatty acid
levels are risk factors in the development of chronic pul-
monary fibrosis [13]. Hence, it is suggested that abnormal
lipid metabolism may affect the composition and function
of alveolar surfactant and thus may be involved in the
development of pulmonary fibrosis [14].

Lipid metabolic stress, such as alteration in the intra-
pulmonary lipid environment, is thought to be an important
pathological condition in pulmonary disorders. Herein, we
investigated the pathophysiology of alveolar epithelial injury
induced by mTORi administration, focusing on the relation-
ship to lipid metabolism abnormalities, through analysis of
human cases, animal models, and cultured cells. Particular
attention was paid to the foamy alveolar epithelium and lipid
stress-related factors such as peroxisome proliferator-activated
receptor-γ (PPAR-γ), a lipid-related transcription factor loca-
ted downstream of the mTOR pathway.

Materials and methods

Patients

All patients were diagnosed as having mTORi-induced
lung injury by integrating clinical information, radiology
images, and pathological findings in accordance with the
diagnostic algorithms of interstitial lung disease [15].
Lung specimens were obtained by performing transbron-
chial lung biopsies at the Nippon Medical School Hospital
(Tokyo, Japan) during 2011–2017. The patient char-
acteristics can be found in Table 1. The study was
approved by the Human Ethics Review Committee of
Nippon Medical School and written informed consent was
obtained from all patients prior to enrollment in the study
(H26-11).

Animal models

Seven-week-old female C57BL/6 mice (Sankyo Labo Ser-
vice Corporation Inc., Tokyo, Japan) were used in all
experiments. Animals were randomized into groups before
initiation of the experimental protocols, which were
approved by the Animal Care and Use Committee of Nip-
pon Medical School (27-013). Temsirolimus was purchased
from Abcam (Cambridge, UK) and was suspended in 100%
dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO, USA) to
a concentration of 30 mg/mL and stored at −20 °C until use.
Temsirolimus (10 mg kg//day) or vehicle was intraper-
itoneally administered 3 days/week for 4 weeks. The dose
and dosing interval of temsirolimus were determined
according to reports published elsewhere [16–18]. Bleo-
mycin hydrochloride (BLM) was obtained from Nippon
Kayaku (Tokyo, Japan). An osmotic pump (ALZET model
2001; DURECT Corporation, Cupertino, CA, USA) con-
taining 200 µL of saline with BLM (100 mg/kg) was
implanted subcutaneously [19]. BLM was infused con-
tinuously via the pump for 14 days according to the man-
ufacturer’s instructions.

Analysis of bronchoalveolar lavage (BAL) fluid
(BALF) in mice

Animals were anesthetized with a mixture of 2.0% iso-
flurane and 98% oxygen. Tracheas were cannulated and
BAL was performed with 1.5 mL of normal saline solution.

Table 1 Basic characteristics of three patients with mTORi-induced
lung disease

Patients [normal
range]

Case 1 Case 2 Case 3

Age (years) 58 71 57

Gender (M/F) M F F

Underlying disease Renal cancer Breast cancer Breast cancer

Drug Everolimus Everolimus Everolimus

SP-D (ng/mL)
[0–109.9]

157 119 203

TG (mg/dL) [30–149] 261 93 246

T-Cho (mg/dL)
[150–199]

304 242 263

Bronchoalveolar lavage

Total cell count
(×105)

7.9 17.5 N.E.

Alveolar
macrophages (%)

8 6 2

Lymphocytes (%) 80 94 96

Neutrophils (%) 0 0 0

Eosinophils (%) 12 0 2

N.E. no evaluation
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After counting the cell number in the BALF, the cells were
cytospun onto glass slides and stained with Diff-Quick
(Kokusai Shiyaku, Kobe, Japan) for differential cell
counting.

Biochemical analysis of serum and BALF in mice

Enzymatic assays for total protein (TP), triglyceride (TG),
free fatty acids (FFAs), and total cholesterol (T-Cho) were
performed using LabAssayTM kits from Wako (Osaka,
Japan). Surfactant protein (SP)-D levels were measured in
serum and BALF according to the manufacturer’s protocol
using a specific Enzyme Immunoassay Kit from YAMASA
(Tokyo, Japan), as described previously [20]. In brief, the
kit contained a 96-well microtiter plate coated with mono-
clonal SP-D antibodies. The color change was measured
spectrophotometrically at a wavelength of 450 nm. The
concentration of SP-D was determined by comparing the
absorption of the samples to the standard curve.

Micro-CT scan analysis

To evaluate lung lesion injury, mice were anesthetized by
inhalation of 1.0–2.0% isoflurane (Pfizer Co., Tokyo,
Japan) and subjected to CT imaging using a LaTheta LCT-
200 CT scanner (Hitachi Aloka Medical Ltd., Tokyo,
Japan). Contiguous 1-mm slice images were assessed.

Cell culture

The lung epithelial cell line (MLE-12 cells) was purchased
from the American Type Culture Collection (Manassas,
VA, USA). MLE-12 cells were cultured in HITES medium,
which contained Dulbecco’s Modified Eagle’s Medium
Nutrient Mixture F-12 HAM (DME F12) supplemented
with 2% fetal bovine serum, antibiotic (100 U/mL peni-
cillin), 1% ITS Liquid Media Supplement (insulin, trans-
ferrin, and sodium selenite), hydrocortisone (10 nM), and β-
estradiol (10 nM), at 37 °C and with 5% CO2. DME F12 (lot
RNBD6485), hydrocortisone (lot H6909), ITS (lot 13146),
and estradiol (lot E2257) were obtained from Sigma. For
western blotting, MLE-12 cells were seeded onto 6-well
plates and treated with temsirolimus (0–40 µM) for up to
24 h. Pioglitazone (Wako) was dissolved in DMSO to
prepare a primary stock solution of 25 mM and stored at
−20 °C. Temsirolimus (20 µM) was administered with or
without pioglitazone treatment (10 µM) for 24 h.

Histologic examination of lung tissues

Animals were anesthetized with a mixture of 2.0% iso-
flurane and 98% oxygen and euthanized by exsanguination,
and samples were obtained. The lungs were fixed in 4%

paraformaldehyde and embedded in paraffin. Lung sections
(3 μm) were stained with hematoxylin and eosin (HE) and
examined under a light microscope.

Immunohistochemistry

Serial sections of deparaffinized, rehydrated lung tissues
were washed with phosphate-buffered saline (PBS) and
treated with 0.3% H2O2 in methanol for 30 min to eliminate
endogenous peroxidase activity. To unmask antigenic epi-
topes, sections were heated at 120 °C for 20 min with
0.01M citrate buffer (pH 6.0). Sections were then incubated
with the appropriate dilution of primary antibody, poly-
clonal rabbit anti-cytokeratin, wide spectrum screening
(DAKO, Glostrup, Denmark). Sections were then incubated
with the Histofine Simple Stain Kit (Nichirei Biosciences,
Tokyo, Japan) as the secondary antibody with peroxidase
for 30 min. Peroxidase activity was detected with a solution
of 3,3′-diaminobenzidine and H2O2, with Mayer’s hema-
toxylin as the counterstain.

Sudan III staining

Frozen lung sections were rinsed three times in distilled
water. Slides were immersed for 2 min in 50% ethanol and
incubated for 30 min in Sudan III solution (Wako) at 37 °C.
Slides were then immersed in 50% ethanol, rinsed twice in
distilled water, and counterstained with Mayer’s
hematoxylin.

Immunofluorescence staining of lung and cells

Pro-SP-C immunofluorescence and Nile Red staining in the
lung

Frozen lung sections were rehydrated in PBS and stained
with an anti-pro-SP-C antibody (Hycult Biotech, Plymouth
Meeting, PA, USA). Sections were rinsed three times with
PBS and incubated with Donkey anti-Rabbit IgG, Alexa
Fluor 488 (Invitrogen, Carlsbad, CA, USA) as the second-
ary antibody for 45 min. The sections were then rinsed three
times with PBS and counterstained for 10 min with 5 mg/
mL Nile Red (Wako) in 75% aqueous glycerol and 15 min
with Vectashield DAPI (4′, 6′-diamidino-2-phenylindole;
Vector Laboratories, Burlingame, CA, USA). Samples were
analyzed by confocal fluorescence imaging microscopy
using a DM6000-CFS TCS-SP5 (Leica, Tokyo, Japan).
Cytoplasmic lipid-associated findings in MLE-12 cells were
identified by Nile Red staining. After 10 μM temsirolimus
administration for 24 h, MLE-12 cells were fixed in 4%
paraformaldehyde for 20 min at room temperature. The cells
were stained with 5 µg/mL Nile Red solution for 10 min.
The cells were rinsed three times with PBS after each
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manipulation, and the cells were stained and mounted with
Vectashield DAPI for 15 min. Samples were analyzed by
confocal fluorescence imaging microscopy using a
DM6000-CFS TCS-SP5 (Leica).

Real-time quantitative reverse transcription-PCR
amplification

We analyzed PPAR-γ mRNA expression by performing
real-time RT-qPCR. Total RNA was purified from cells
using an RNeasy Mini Kit (Qiagen Sciences, Germantown,
MD, USA) according to the manufacturer’s instructions.
Reverse transcription was performed at 25 °C for 10 min,
37 °C for 120 min, and 85 °C for 4 min with the High
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Foster City, CA, USA). To detect mRNA, we used
ready-to-use primer and probe sets from Applied Biosys-
tems (Assays-on-Demand Gene Expression Catalog nos) as
follows: PPAR-γ, #1603599 and Mm00440940_m1; gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH),
#1579974 and Mm99999915_g1; interleukin (IL)-6,
#4453320 and Mn00446190_m1; IL-1β, #4453320 and
Mn00434228_m1; matrix metalloproteinase (MMP)-9,
#1042604 and Mn00442991_m1; chemokine (C-C motif)
ligand 2 (CCL2), #4453320 and Mn00441242_m1; and
tumor necrosis factor (TNF)-α, #4453320 and Mn443258.
We optimized the primer and probe concentrations for each
target gene by using TaqMan Universal PCR Master Mix
(Applied Biosystems) according to the manufacturer’s
protocol. PCR (2 min at 50 °C, 10 min at 95 °C, and 45
cycles of 15 s of denaturation at 95 °C and 60 s of annealing
at 60 °C) was performed with the ABI PRISM 7000
Sequence Detection System (Applied Biosystems) and
fluorescent TaqMan methodology. To control for the var-
iation in all experiments, gene expression levels of target
sequences were normalized to the expression of GAPDH as
an endogenous control. Relative gene expression data were
calculated using the 2−ΔΔCt method [21].

Western blotting

TP from lung tissues or cells was extracted using a com-
mercial kit (M-PER: Mammalian Protein Extraction
Reagent; Thermo Scientific, Rockford, IL, USA) containing
a protein-stabilizing cocktail (Halt Protease Inhibitor
Cocktail; Thermo Scientific), 150 mM NaCl, and 1 mM
EDTA. Homogenized samples were centrifuged
(15,000 rpm, 25 min), and the individual supernatants were
termed lung and cell lysates, respectively. Then 15 µL of
sodium dodecyl sulfate (SDS) sample buffer containing 2-
mercaptoethanol for reduction was added to an equal
volume of culture medium or lysate sample. These samples
were boiled at 95 °C for 5 min, subjected to SDS-

polyacrylamide gel electrophoresis on a 10% acrylamide
separating gel (e-PAGEL; ATTO, Tokyo, Japan), and
transferred to polyvinylidene difluoride membranes (Invi-
trogen) using an electroblot apparatus (Invitrogen). Mem-
branes were incubated for 1 h at room temperature with
protein-free T20 Tris-buffered saline blocking buffer
(Thermo Scientific), and then incubated at 4 °C overnight
with antibody against phosphorylated-mTOR (p-mTOR)
(Abcam) at a dilution of 1:1000, PPAR-γ (CST, Beverly,
MA, USA) at a dilution of 1:1000, cleaved caspase-3 (CST)
at a dilution of 1:1000, and GAPDH (Epitomics, Burlin-
game, CA, USA) at a dilution of 1:30,000. After the
membranes were washed several times with Tris-buffered
saline containing 0.1% Tween 20, they were incubated with
the appropriate horseradish peroxidase-conjugated second-
ary antibody (Promega, Madison, WI, USA) for 60 min,
washed with Tris-buffered saline containing 0.1% Tween
20, and developed with SuperSignal West Femto Luminol/
Enhancer solution (Thermo Scientific). Immunoreactivity of
the blots was detected with an LAS-4000 Luminescent
Image Analyzer with a CCD Camera (Fujifilm, Tokyo,
Japan).

Electron microscopy

Small pieces of lung tissue from each sample were fixed in
2.5% glutaraldehyde, embedded using a few drops of epoxy
resin (Epok 812; Oken C., Ltd., Tokyo, Japan) mixture, cut
into 500 nm sections, and stained with uranyl acetate and
lead citrate. The grids were examined with an H-7500
electron microscope (Hitachi, Tokyo, Japan) operating at
80 kV.

Statistical analysis

Two-group comparisons were analyzed using an unpaired
Student’s t test, and multiple-group comparisons were per-
formed with a one-way analysis of variance followed by
Tukey’s post hoc analysis, and values were reported as
mean ± standard error. P values < 0.05 were considered to
be significant. All analyses were conducted using the JMP
software, version 12 for Windows (SAS Institute Inc., Cary,
NC, USA).

Results

mTORi induced hyperlipidemia and foamy alveolitis
in human subjects

We performed clinicopathological evaluations of three
cases with mTORi-induced lung injury admitted to our
hospital. All patients had complications of dyslipidemia and
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showed high values of serum SP-D, and lymphocyte subsets
in the cellular fraction of BALF were above the normal
range (Table 1). Pathological findings in all patients
revealed lymphocytic alveolitis with hyperplasia of foamy
and enlarged pneumocytes (Fig. 1, arrows).

mTORi induced hyperlipidemia and foamy alveolitis
in mice

In the present study, we compared mTORi mice with a
normal group (control mice) and an injury group treated
with bleomycin hydrochloride (BLM mice), which causes
marked inflammation and epithelial injury in the lung [22],
as mTORi-induced lung injury was relatively mild in the
human subjects (see Fig. 1).

There were no significant differences in serum TP levels
(Fig. 2a), whereas serum T-Cho (P < 0.01 and P < 0.01) and
FFAs (P < 0.05 and P < 0.01) showed significantly higher
values in mTORi mice than in control and BLM mice
(Fig. 2c, d), respectively; thus, as in the human subjects,
abnormal lipid metabolism was observed in mTORi mice.

Micro-CT in mTORi mice showed a focal hyperintense
lesion (Fig. 3b, circle), which is related to the pathological
findings of a large number of foamy cells in the alveolar
space and ATII cell hyperplasia showing SP-C- and Ki-67-
positive staining (Fig. 3e, h, k, n). In BLM mice, micro-CT
showed a diffuse hyperintense lesion associated with
pathological findings of alveolar wall thickening with

marked inflammatory cell infiltration and hyperplasia of
ATII cells (Fig. 3c, f, i, l, o). The total cell count in BALF of
mTORi mice was significantly higher than that of control
mice (Fig. 3p), and the cell fraction analysis by Diff-Quick
staining revealed that the percentage of lymphocytes was
significantly higher than in control mice (Fig. 3q). The
protein concentration in BALF of mTORi mice was

Fig. 1 Histologic features of
lung lesions obtained by
transbronchial lung biopsy in
three patients with mTORi-
induced lung disease.
Hyperplastic pneumocytes with
foamy and enlarged changes
were observed with
hematoxylin–eosin staining (a–
f) and cytokeratin staining (g–i).
d–f High-magnification views of
the rectangular areas in a–c,
respectively. Arrowheads
indicate foamy and enlarged
pneumocytes. Scale bars are
200 μm (a–c) and 20 μm (d–i)

Fig. 2 mTORi induces systemic lipid metabolic disorder in mice. a–d
The serum values of total protein, triglyceride, free fatty acids, and
total cholesterol in control, mTORi, and BLM mice. (n= 6, 6, and 5,
respectively). Data are shown as the mean ± S.E. N.S. not significant.
*P < 0.05 and **P < 0.01 versus mTORi mice
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significantly higher than in control mice (Fig. 3r). SP-D
levels in BALF and serum of mTORi mice were sig-
nificantly higher than in control mice (Fig. 3s, t). These

results suggest that mTORi promoted capillary–alveolar
permeability and induced alveolar epithelial injury with
lymphocytic infiltration in the mouse lung. BLM mice

Fig. 3 mTORi induces alveolar
epithelial injury in mice. a–c
Chest micro-CT axial sections of
control, mTORi, and BLM mice,
respectively. d–i Lung sections
for each group were stained with
hematoxylin–eosin. g–i High-
magnification views of d–f,
respectively. j–o Lung sections
for each group were stained for
SP-C (j–l) or Ki-67 (m–o). Scale
bars are 200 μm (d–f) and 20 μm
(g–o). p, q Total cell count and
percentage of cell fraction in
bronchoalveolar lavage fluid
(BALF) for each group (n= 4,
11, and 10, respectively). r
Protein levels in BALF for each
group (n= 7, 15, and 13,
respectively). s, t SP-D levels in
BALF (n= 6, 9, and 9,
respectively) or serum (n= 10,
23, and 12, respectively) for
each group. Data are shown as
the mean ± S.E. N.S. not
significant. *P < 0.05 and **P <
0.01 versus mTORi mice
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showed higher values in total cell count, ratio of lympho-
cytes, protein concentration, and SP-D level in BALF and
serum compared to those of mTORi mice (Fig. 3p–t). Thus
our mTORi mouse model appeared similar to the human
cases of mTORi-induced injury, evidenced by our data
showing that lung injuries in humans and mouse models

administered mTORi were both related to serum lipid
metabolic abnormalities, high serum SP-D values, and
lymphocytic alveolitis with foamy pneumocyte hyperplasia
and foamy macrophage accumulation in alveoli.

Although mTORi induced relatively mild alveolar epi-
thelial injury compared to BLM with respect to the level of
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damage, the lung pathological findings in mTORi mice
showed notable foamy changes of enlarged pneumocytes as
well as macrophages, according to HE and cytokeratin
staining (Fig. 4a–f). Thus we performed Sudan III staining
and fluorescent staining using Nile Red and SP-C immu-
nohistochemistry to analyze the components of foamy
alveolar epithelial cells in the three mouse groups
(Fig. 4g–l). The results showed that the number of lipid-
associated spots within pneumocytes in mTORi mice was
significantly higher than that of control or BLM mice
(Fig. 4j–l, p). We also performed an electron microscopic
study to analyze the size of round electron-lucent bodies
within pneumocytes in mTORi mice. The size of electron-
lucent bodies within pneumocytes in mTORi mice was
significantly larger than control or BLM mice (Fig. 4m–o,
q). Thus, while the findings of pneumocyte damage in
mTORi mice are relatively mild, the notable appearance of
lipid-associated spots in pneumocytes seems to be
characteristic.

mTORi increased inflammatory cytokine expression
and downregulated PPAR-γ protein expression in
the mouse lung

We evaluated the mRNA expression of various inflamma-
tory cytokines in the mouse lung and found that the mRNA
expression of IL-1β, IL-6, MMP-9, CCL2, and TNF-α was
upregulated in the lung homogenates of mice treated with
temsirolimus (Fig. 5a–e).

mTOR forms the protein complex termed mTOR
complex 1 (mTORC1) in its signaling pathway, while
PPAR-γ, which regulates the synthesis and absorption of
fatty acids, exists downstream of mTORC1 and is thus

regulated specifically by mTORC1 [23]. Consistent with
this pathway, we found that PPAR-γ protein expression in
the whole lung of mTORi mice was downregulated
compared to control mice, attributable to suppressed
mTOR phosphorylation by mTORi and that confirmed the
inhibitory effect of temsirolimus as an mTORi (Fig. 5f–h).
Thus the downregulated PPAR-γ expression may be
involved in the pulmonary inflammation observed in
mTORi mice.

mTORi induced lipid-associated spots with altered
PPAR-γ and cleaved caspase-3 expression in MLE-12
cells

In order to confirm the observed characteristics of pneu-
mocytes in the lung tissue of mTORi mice, we performed
analyses using lung epithelial model cells (MLE-12 cells)
[24].

Similar to mTORi mice, analysis of fluorescence staining
for lipids using Nile Red showed a large number of lipid-
associated spots in the cytoplasm of MLE-12 cells follow-
ing mTORi administration (Fig. 6a).

Furthermore, PPAR-γ mRNA expression in MLE-12
cells following mTORi treatment was downregulated
compared to control (without mTORi) (Fig. 6b). Moreover,
PPAR-γ protein expression in MLE-12 cells was down-
regulated in both a dose (2–40 µM) and time (0.5–24 h)
dependent manner. In contrast, the protein expression of
cleaved caspase-3, which is activated during cell apoptosis,
in MLE-12 cells was upregulated in a dose- and time-
dependent manner (Fig. 6c). Thus our data suggested that
mTORi induced lung epithelial injury through the PPAR-γ
pathway in mice and MLE-12 cells, as evidenced by the

Fig. 4 mTORi induces emergence of lipid-associated vacuoles within the cytoplasm of pneumocytes in mice. a–f Lung sections for each group
were stained with hematoxylin–eosin (a–c) and cytokeratin (d–f). Arrows indicate hyperplastic enlarged foamy pneumocytes. g–i Lung sections
for each group were stained with Sudan III. Inset: high-magnification view of area in the rectangle. Arrows indicate lipid-associated spots in
pneumocytes. j–l Lung sections for each group were subjected to fluorescent triple staining using SP-C (green), Nile Red (red), and DAPI (blue).
Arrows indicate lipid-associated spots within ATII cells. m–o Representative electron microscopic images in each group showing the structure of
ATII cells. nu nucleus, Mlb mitochondria-like body, round electron-lucent bodies (arrowheads). Scale bars are 20 μm (a–i), 5 μm (j–l), and 0.5 μm
(m–o). p The number of lipid-associated spots within the cytoplasm of ATII cells in each group (j–l). The red spots (1 μm or more) within the
cytoplasm of ATII cells (n= 15) were counted in each group (n= 3). q The diameter of round electron-lucent bodies within the cytoplasm of ATII
cells (n= 30) was measured in each group (n= 3) (m–o). Data are shown as the mean ± S.E. *P < 0.05 and **P < 0.01
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associated emergence of lipid-associated spots. We then
evaluated the change in lipid-associated spot emergence and
cleaved caspase-3 expression by mTORi under treatment
with the PPAR-γ agonist pioglitazone in MLE-12 cells. We
found that the upregulation of lipid-associated spot emer-
gence and cleaved caspase-3 expression following mTORi
administration was inhibited by treatment with pioglitazone
(Fig. 7a–c).

Discussion

Lipid metabolic stress is considered to be an important
pathological condition in various pulmonary disorders. In
the present study, we investigated the pathophysiology of
lung injury caused by mTORi administration using human
subjects, mouse models, and a lung epithelial model cell

line, focusing on foamy changes of the alveolar epithelium
and lipid stress-related factors.

Our results showed that mTORi induced dyslipidemia
and alveolar epithelial injury, accompanied by the emer-
gence of foamy changes and lipid-associated vacuoles
within pneumocytes, in both human and mouse models,
which was suggested to be associated with local (i.e.,
alveolar epithelium) lipid metabolic stress and systemic
lipid metabolic stress caused by mTORi. We also found that
alveolar epithelial injury could be induced via lipid meta-
bolic stress due to reduced expression of PPAR-γ, which is
a lipid-related transcription factor located downstream of
the mTORC1 pathway. Thus we discuss the relationship
between lipid metabolic stress and alveolar epithelial injury.

Our data showed that lung injury in both human and
mouse models administered mTORi was related to serum
lipid metabolic abnormalities, high serum SP-D values, and

Fig. 5 mTORi increases
inflammatory cytokine
expression and downregulates
PPAR-γ protein expression in
mouse lung. a–e Quantitative
mRNA expression of IL-1β, IL-
6, MMP-9, CCL2, and TNF-α in
the lung homogenate of control
and temsirolimus-treated mice
(n= 5 and 7, respectively). f
Western blot analysis of the
expression of phosphorylated-
mTOR (p-mTOR) and PPAR-γ
in the lung of mice at Day 28
after temsirolimus treatment. g,
h Densitometric analysis of
western blot bands, normalized
to GAPDH (n= 3). Data are
shown as the mean ± S.E. *P <
0.05 and **P < 0.01
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lymphocytic alveolitis with foamy pneumocyte hyperplasia
and foamy macrophage accumulation in the alveoli
(Table 1, Figs. 2c, d and 3p, q, t).

Since lipids are the main component of alveolar surfac-
tant, homeostasis of the lipid environment in the lung is
important for maintaining the lungs. Intrapulmonary lipids
are regulated by the following two processes: (a) lipid
secretion, reuptake, reutilization, and catabolism by ATII
cells and (b) lipid uptake from the systemic circulation [9].
Therefore, dysregulation of lipid metabolism and alteration
of fatty acid composition in the alveolar epithelium are
known to cause oxidative stress and induce pulmonary
inflammation and fibrosis [25, 26]. Furthermore, alteration
in alveolar surfactant clearance causes excessive accumu-
lation of surfactant lipids, resulting in pulmonary alveolar
proteinosis and alveolar epithelial injury [27]. In an animal
study, it was reported that a diet high in saturated fatty acids
altered the intrapulmonary lipid composition and induced
increased susceptibility to oxygen toxicity [28]. Also,
excessive circulating FFAs was suggested to affect the
composition and function of alveolar surfactant [14];
intravenous administration of FFAs increased the surfactant
pool with pulmonary edema [29]. In human studies, there
are some reports that fatty acid intake increases the risk of
developing idiopathic pulmonary fibrosis [12], and chronic
pulmonary fibrosis is associated with high circulating FFA
levels [13]. Therefore, it is suggested that changes in the
fatty acid composition of the lung may be associated with
lung damage.

Fatty acids within lipid droplets are stored for energy
generation and are used as membrane constituents and in
steroid hormone biosynthesis. However, lipid droplets are

also generated by cellular stress, such as inflammation and
oxidative stress [11]. Lipid droplets can be observed in the
cytoplasm of pneumocytes [9, 11, 30–32], especially in
ATII cells, and it is reported that some drugs, e.g.,
amiodarone, increased the number of phospholipid-like
vacuoles with myelinoid inclusions and enlarged lamellar
bodies [33–35]. Moreover, Niemann–Pick disease, which
is a lipid storage disorder, and Hermansky–Pudlak syn-
drome, which is characterized by impaired secretion of
surfactant, show both lipid accumulation in the cytoplasm
of ATII cells and chronic inflammation and fibrosis of the
lung [36–38]. In the present study, we found that the
number of lipid-associated spots and the size of round
electron-lucent bodies, likely lipid-associated vacuole
lipid droplets or degenerated enlarged lamellar bodies
within pneumocytes, were significantly more numerous
and larger, respectively, in mTORi mice than in BLM
mice. However, the level of lung injury in mTORi mice
was somewhat mild compared to BLM mice, which are
characterized by marked inflammation and fibrosis in the
lung [22] (Fig. 4p, q). Because the serum FFA value in
mTORi mice was significantly higher than in BLM mice
(Fig. 2c), systemic lipid metabolic disorder may affect the
characteristic findings of the emergence of multiple lipid-
associated vacuoles within pneumocytes following treat-
ment with mTORi. Moreover, we also demonstrated that
mTORi administration to MLE-12 cells induces lipid-
associated spots in the cytoplasm (Fig. 6a); thus we sug-
gest that the findings of foamy pneumocytes may be
associated with systemic lipid abnormality as well as a
local effect of lipid abnormality in pneumocytes caused
by mTORi.

Fig. 6 Effects of mTORi
administration on a lung
epithelial cell line. a
Fluorescence staining of MLE-
12 cells with Nile Red (red) and
DAPI (blue) 24 h after
temsirolimus treatment (20 μM).
Scale bars are 5 μm. b
Quantitative PPAR-γ mRNA
expression in MLE-12 cells
30 min after temsirolimus
treatment (20 μM) (n= 3). Data
are shown as the mean ± S.E.
**P < 0.01. c Western blot
analysis of the expression of
phosphorylated-mTOR (p-
mTOR), PPAR-γ, and cleaved
caspase-3 in MLE-12 cells
cultured for up to 24 h after
temsirolimus treatment
(0–20 µM)
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The protein kinase mTOR regulates cellular functions
related to the promotion of cell growth and metabolism
and forms mTORC1 in its signaling pathway [39].
mTORC1 specifically regulates the expression of PPAR-γ,
which is a nuclear receptor that controls fatty acid synthesis,
uptake, and esterification [23]. In the present study, PPAR-γ
expression in both the mouse lung and lung epithelial cell
line was suppressed following mTORi administration
(Figs. 5 and 6). These results were consistent with the
reported cascade of mTOR [40] and the observation that the
expression of PPAR-γ was inhibited by administration of
the mTOR inhibitor rapamycin. Additionally, we observed
elevations in the levels of various inflammatory cytokines
such as IL-1β, IL-6, MMP-9, CCL2, and TNF-α in mTORi
mouse lung (Fig. 5a–e). PPAR-γ is known to have protec-
tive effects on cell injury through anti-inflammatory and
immunomodulatory effects [41], decreasing matrix metal-
loproteinase activity and inhibiting several cytokines in the
alveolar epithelium [42–45]. Thus our findings of lympho-
cytic alveolitis with increases in various inflammatory
cytokines in mTORi mice is likely attributable to the sup-
pressed expression of PPAR-γ following mTORi treatment,

which is consistent with previous studies of mTORi-
induced inflammation that reported leukocyte infiltration
in the lung via the production of various cytokines [18,
46–48].

It has been reported that PPAR-γ is involved in lipid
metabolism of ATII cells and surfactant homeostasis [49,
50] and that PPAR-γ repairs deficiencies in fatty-acid-
binding proteins, which regulate the synthesis of the main
component of surfactant phospholipids [51]. Moreover,
deficiency in PPAR-γ or its signaling pathway causes the
emergence of neutrophils and foamy cells with intra-
alveolar accumulation of a surfactant-like substance and
leads to the induction of inflammatory cytokines [52–54].
Thus it is suggested that mTORi may induce lung injury by
the reduction of PPAR-γ expression, through alterations in
the intrapulmonary surfactant phospholipid environment as
well as its general anti-inflammatory effect.

We also showed that treatment with the PPAR-γ agonist
pioglitazone suppressed the upregulation of lipid-associated
spot emergence in the cytoplasm of MLE-12 cells with
cleaved caspase-3 expression following mTORi adminis-
tration (Fig. 7). It is reported that the PPAR-γ agonist

Fig. 7 PPAR-γ agonist
suppresses the effects induced
by mTORi administration on a
lung epithelial cell line. a
Fluorescence staining of MLE-
12 cells with Nile Red (red) and
DAPI (blue) 24 h after
temsirolimus treatment (20 μM)
with/without pioglitazone
(10 µM). Scale bars are 5 μm. b
Western blot analysis of the
expression of cleaved caspase-3
in MLE-12 cells cultured for
24 h after temsirolimus
treatment (20 µM) with/without
pioglitazone (10 μM). c
Densitometric analysis of
western blot bands, normalized
to GAPDH (n= 4). Data are
shown as the mean ± S.E. *P <
0.05 versus temsirolimus group
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alleviates lipopolysaccharide-induced apoptosis of ATII
cells, through attenuating inflammatory mediators and
restoring SP levels [55]. Further, it was reported that a
PPAR-γ agonist restored surfactant synthesis disorder due
to dysfunction of alveolar lipid metabolism in ATII cells
[56]. Therefore, the anti-inflammatory and surfactant repair
behavior involved in PPAR-γ activation by PPAR-γ agonist
could have influenced the reduction of cleaved caspase-3
expression in MLE-12 cells.

Taken together, it is suggested that mTORi administra-
tion likely influences lung injury by reducing anti-
inflammatory effects and changing the surfactant environ-
ment of intrapulmonary lipids through the suppression of
PPAR-γ expression.

There are several limitations in our study. In particular, the
relationship between (1) downregulated PPAR-γ expression
and (2) pulmonary inflammation, emergence of lipid droplets,
and detailed analysis of surfactant in vivo has not been proved
directly using our mTORi mouse model with modification of
PPAR-γ expression. Nevertheless, focusing on the relationship
between lipid metabolic stress and alveolar epithelial injury in
this mTORi lung injury study represents a potentially novel
approach to the study of pulmonary damage in general.

In conclusion, the pathogenesis of mTORi-induced lung
disease may involve alveolar epithelial injury via local and
systemic lipid metabolic stress with a reduction in PPAR-γ
expression, which is involved in the homeostasis of the sur-
factant lipid environment and has anti-inflammatory effects.
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