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Figure 1. Differentiation of hP8Cs into BAs

(A) Microscopy of hPSC-derived cells. Scale bar, 50 um.

(B) Oil red O staining (right) with phase contrast microscopy (left). Scale bar, 40 pm.

(C) Expression of PRDM16 and UCPT determined by RT-PCR (left) or real-time PCR (middle and right). The error bars represent average + standard deviation

(SD) (n = 3).
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n = 3) (Figure 4D). Surprisingly, hMSCdWA-transplanted mice
showed elevated homeostasis model assessment-insulin resis-
tance (HOMA-IR) values compared not only with hESCdBA-
transplanted mice (p = 0.0003; n = 3) but also with saline-injected
mice (p = 0.0011; n = 3) (Figure 4E), indicating that h(MSCdWA
induces insulin resistance despite its favorable effect on lipid
metabolism. Similar results were obtained when 6-week-old
younger mice were used for the assay (data not shown). As shown
in Figure 4F, oral glucose tolerance tests (OGTTs) further
demonstrated that hESCdBA transplantation reduced 15 min
blood glucose values compared to saline injected (p = 0.010;
n = 3), while hMSCdWA-transplanted mice exhibited elevated
30 min blood glucose values compared not only with
hESCdBA-transplanted mice (p = 0.0034; n = 3) but also with
saline-injected mice (p = 0.0055; n = 3). Similar results were ob-
tained when 6-week-old younger mice were used for the assay

DAPI

SOD2 antibody as indicated. Scale bar, 50 um.
(B) Western blotting using an anti-UCP1 as indi-
cated.

(C) Lipid staining. hESC-derived differentiated
cells were stained by an anti-UCP1 antibody (red)
and BODIPY 493/503 (green). Scale bar, 5 um.
(D) EM of hiPSC-derived cells (left) and hESC-
derived cells (right). L, lipid droplets; M, mito-
chondria. Scale bar, 2 pm.

UCP1

merge

(data not shown), confirming that
hMSCAWA transplantation deteriorates
glucose metabolism. The different effects
between hESCdBA and hMSCdWA were
not due to the difference in cell survival,
as we clearly detected the existence of
transplanted cells (Figure S4A). Moreover,
deterioration of glucose metabolism by
hMSCdWA transplantation could not
be attributed to inflammation, because
we did not observe any signs of inflam-
mation, such as macrophage infiltration
(Figure S4B). In addition, hMSCdWA
did not express tumor necrosis factor
o.(TNFA), and it expressed only a low level
of IL1B (Figure S4C).

We also examined longer-term effects
of hPSCdBA transplantation using immu-
nocompromised NOG mice (lto et al,
2002). Fasting blood glucose level-
lowering effects of hESCABA were deter-
mined at least for 3 weeks (Figure 4G).
Cells with multilocular lipid droplet (Fig-
ure 4H) that expressed UCP1 (Figure 4l)
and human HLA-A,B,C (Figure 4J) were determined by histolog-
ical analyses. Around the graft tissue, microvasculatures were
also detected (Figure 4H arrowheads).

Finally, we assessed possible therapeutic effect of hESCdBA
on hMSCdWA-induced deterioration of glucose metabolism.
Although no significant changes in fasting blood glucose values
and HOMA-IR values were observed (Figure 4K and 4L),
cotransplantation of an equivalent number of hESCdBA
ameliorated the deleterious effect of hMSCAWA, significantly
lowering the 30 min blood glucose values (p = 0.0014; n = 3)
(Figure 4M).

All those findings together indicate that (1) hPSCdBAs
improve both lipid and glucose metabolism, (2) hMSCdWA
improved lipid but deteriorates glucose metabolism, and (3)
hPSCdBAs ameliorate adverse effects of hMSCAWA on
glucose metabolism.

(D) BA differentiation in the presence or absence of HC. Microscopy (upper) and expressions of PRDM16 (lower left) and UCP-7 (lower right) by real time PCR were

shown. Scale bar, 50 um. The error bars represent average = SD (n = 3).

(E) Expression of BAT-selective, BAT/WAT-common, and WAT-selective genes examined by RT-PCR. I, immature hPSGC; D, differentiated hPSC; WA,

hMSCdWA.
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Gene expression was examined by RT-PCR over
time (A, left; B, left). Thermographic images of mice
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hESCABA, immature hiPSC (ihiPSC), or hiPSCdBA
before and after isoproterenol treatments are
shown (A, right; B, right). Arrows indicate regions
of transplantation; arrowheads indicate areas of
endogenous murine BAT.

(C) Mito stress tests were performed using
hESCdBA, hiPSCdBA, and hMSCdAWA as indi-
cated.

(D) OCR was measured in hESCdBA, hiPSCdBA,
hMSCdWA, immature hESCs, and immature
hiPSCs after a 4 hr incubatiog with or without
- CL316,243. The error bars in (C) and (D) represent
~ average = SD (n = 3).

ment (Figure 5B). Thus, our method
correctly mimics the classical BAT
development but not a brite adipocyte
pathway via immature mesenchymal
stem cell differentiation.

We further evaluated the detailed role
of each hematopoietin. The absence of
any one of the components of HC low-
ered the quality of BA differentiation,
reducing cellular viability and/or percent-
ages of multilocular lipid-containing cells

. . (Figure 5C). Gene expression studies
o mmature hiPSC ¢ o showed that VEGF was required
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Signaling for BA Differentiation

To confirm that our differentiation technique correctly repro-
duced classical BAT development via myoblastic differentiation
(Timmons et al., 2007; Seale et al., 2008; Sun et al., 2011), the
expression of a series of developmental markers was examined.
As shown in Figure 5A, myoblastic MYF5 expression was tran-
siently upregulated during the initial floating culture step of
differentiation. Moreover, the expression of a paraxial mesoderm
marker, platelet-derived growth factor receptor o (PDGFRA)
(Sakurai et al., 2006), was upregulated. By contrast, the levels
of immature mesenchymal stem cell marker, NG2 and PDGFRB
(Crisan et al., 2008), as well as a lateral plate mesoderm marker,
VEGFR2 (Sakurai et al., 2006), were reduced. The precedence of
myoblastic differentiation was further confirmed by the transient
induction of PAX3/7, which are involved in myogenic commit-

IL6, or FLT3LG paradoxically induced
the expression of a WAT marker, phos-
phoserine aminotransferase 1 (PSATT)
(Seale et al., 2007), and a lateral plate
mesoderm marker, vegfr2. Thus, the
HC is essential for the differentiation of
hPSCs into classical BA, and the omission of any of the HC
components results in WAT lineage commitment.

We also examined intracellular signaling by performing inhib-
itor analyses. Because a BMPR1a inhibitor (BMPR1a-) and
P38 MAPK inhibitor (p38-i) reportedly hamper BA differentiation
(Sellayah et al., 2011), effects of these two inhibitors, along with
those of a MAP kinase-ERK kinase (MEK) inhibitor (MEK-i), were
examined. We found that BMPR1a-i induced massive cell death
during the floating culture step of BA differentiation (Figure 5E,
second left). Cell death had been induced as early as day 1
(data not shown). Similar results were obtained from the case
of AKT inhibitor (AKT-i). (Figure 5E, right). Thus, BMPR1a-
dependent signaling is required for the survival of immature
sphere-forming progenitor cells, from which mature BA will be
produced. We then followed up the p38-i- and MEK-i-treated
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cells until day 10, when mature BA was generated. In the case
of hESC, p38-i treatment reduced the number of lipid droplet-
containing cells (Figure 5F, upper middle), while MEK-i treatment
exerted minimal effects (Figure 5F, upper right). Compatible to
these morphological findings, p38-i treatment, but not MEK-i
treatment, lowered PRDM16 and UCP1 expression levels (Fig-
ure 5G, left half). By contrast, p38-i treatment exerted minimal
effects on hiPSCs (Figure 5F, lower middle), whereas MEK-i
treatment induced cogeneration of the cells with unilocular lipid
droplets (Figure 5F, lower right). Compatibly, PRDM16 and
UCP1 expressions were only slightly reduced in p38-i-treated
hiPSCs but clearly reduced in MEK-treated hiPSCs (Figure 5G,
right half). Therefore, p38 MAPK and ERK signaling play impor-
tant roles in BA differentiation depending on the lines or kinds
of hPSCs.

& Functiona! Link between BA and Hematopoiesis

There has been a controversy regarding the effect of BM
adipocytes on the proliferation and differentiation of committed
HPCs. For example, murine BM adipocytic lines are reportedly
capable of supporting lymphopoiesis (Gimble et al., 1990) and
granulopoiesis (Gimble et al., 1992), whereas human BM-derived
fat cells generated by a dexamethasone/insulin treatment
reduce colony-forming capacities of HPCs (Ookura et al.,
2007). We hypothesized that the controversy came from the
heterogeneity of BM adipocytes and that BA, but not WA, serves
as a stroma for committed HPCs for the following reasons: (1)
hematopoietic stromal cells essential for maintaining CFU-S
exhibit morphological resemblance to BA rather than to WA
(Dexter et al., 1977); (2) the murine embryo-derived C3H10T1/2
cell line (Reznikoff et al., 1973), which differentiates into mature
BAT on BMP7 treatment (Tseng et al., 2008), is widely used as
a feeder for the hematopoietic differentiation of monkey (Hir-
oyama et al., 2006) and human (Takayama et al., 2008) ESCs;
(3) BM is replaced by WA in severe myelosuppressive states
including aplastic anemia; and (4) treatment with dexametha-
sone/insulin induces differentiation into WA but not BA.

To validate our hypothesis, human umbilical cord blood
CD34" HPCs were cultured on hESCABA layers for 1 week in
the absence of any recombinant hematopoietic cytokines.
Then, floating cells were subjected to intrabone marrow trans-
plantation (IBM-T) into alymphocytic NOG mice, and after
8 weeks, splenic chimerisms were measured to assess the
expansion of CFU-S. For a control, CD34™ cells were directly
transplanted without culturing on hPSCdBA layers (Figure 6A).
As shown in Figure 6B, splenic chimerisms were significantly
higher in hPSCdBA-cocultured CD34-transplanted mice than
in mice with direct transplantation (p = 0.041; n = 3). Moreover,
percentages of human CD33-positive myeloid cells were larger
in cocultured CD34*-transplanted mice (4.8 = 0.13 versus
3.0 £ 0.19; p = 0.00022; n = 3, data not shown), while no signif-
icant changes in B lymphocyte percentages were observed
(data not shown). These findings indicate that hPSCdBA serves
as a stroma for MPCs, promoting their expansion/differentiation
and homing to the spleen.

We also examined the expression of hematopoietic cytokines
involved in the expansion and differentiation of committed
HPCs. Various hematopoietin genes including thrombopoietin
(THPO), IL6, IL3, colony-stimulating factor 3 (CSF3), colony-

stimulating factor 2 (CSF2), and erythropoietin (EPO) were ex-
pressed in hESCABA (Figure 6C, middle lanes) and hiPSCdWA
(data not shown). On the other hand, hMSCdWAs expressed
only IL6 among these hemopoietins (Figure 6C, right lanes).
Moreover, the expression levels of the hematopoietin genes in
hESCdBA (Figure 6D) and hiPSCdBA (data not shown) were
upregulated by isoproterenol treatments, further supporting the
notion that hPSCABA serves as stromal for committed HPCs.

To evaluate in vivo relevance, we examined whether isoproter-
enol treatment could enhance the recovery from antitumor
agent-induced myelosuppression by enhancing the expansion/
differentiation of MPCs. Mice were treated with 5-fluorouracile
(5-FU), and bone marrow cells were collected and analyzed
over time (Figure 6E). As reported by Hofer et al. (Hofer et al.,
2007), 5-FU-treated mice were at the nadir at day 3, when
a decline in total enucleated cell number (11.33 + 1.74 versus
4.87 + 0.96 [x10°, p = 0.0023; n = 3) (Figure 6F) as well as
a reduction in early myeloid cells (Figures S5A-S5C) were
observed. Although total cell number (8.70 = 0.40; n = 3) (Fig-
ure 6F) and the percentages of R1 fraction (Figures S5A and
S5B) were eventually upregulated at day 7 as a sign of arecovery
from myelosuppression, the mice still suffered from a shortage of
mature myeloid cells (Figures S5A-S5C). By contrast, isoproter-
enol-treated mice showed higher enucleated cell number
(10.93 = 1.14, p = 0.032; n = 3) (Figure 6F) with significantly larger
R2 fraction percentages (Figures S5A and S5B). Cytological
studies confirmed all those findings (Figure S5C).

The existence of BA in BM has long been suggested despite
the lack of direct evidence (reviewed in Motyl and Rosen,
2011). A relationship between osteoblast and BA was reported
in mice (Calo et al., 2010). Moreover, murine BM fat reportedly
expresses various BA-selective messages (Krings et al., 2012).
To assess the possible existence of BA in human BM, expres-
sions of BAT-specific markers, UCP7 and PRDM16, were exam-
ined using commercially available human BM RNA samples.
As shown in Figure 7A, expression of both genes was detected
by RT-PCR, whereas they were undetectable in human BM-
originated MSC-derived WA (hBM-MSCdWA). To further assess
the existence of active BM-BAT in vivo, '®F-FDG-PET/CT
examinations were performed in healthy young volunteers
(24.8 + 5.8 of age; n = 20) with or without cold stimuli (Saito
etal., 2009; Yoneshiro et al., 2011). We identified cold-stimulated
"8F-FDG uptake in vertebral BM (Figures 7B~7D), whose signal
intensities showed an intimate correlation with those of BATs
(p < 0.001), but not of those of brain, heart, spleen, or muscle
(Figures S6A and S6B). The presence of vertebral BM was
histologically examined using 3-week-old murine vertebral BM
samples: we successfully detected the cells with BA morphol-
ogies (Figure 7E) that were positive for UCP1 protein expression
(Figure 7F). Collectively, those findings strongly suggest the
presence of functional BA in the BM of vertebrae.

DISCUSSION

We established a highly efficient method for the differentiation
of hPSCs into functional BAs. This is the first success in gener-
ating functional classical BA pluripotent stem cells without
exogenous gene transfer. By virtue of its technological merits,
our method provides a valuable tool for BAT research. Functional

Cell Metabolism 76, 394-406, September 5, 2012 ©2012 Elsevier Inc. 399



Cell Metabolism
Brown Adipose Production by Hemopoietin Cocktail

olive oil
A transplantation Isoproterenal B transplantation fsoproterenof
+ + ¥ V

‘Fasting (165) EEX D WPTHD,
bload sampling & * * *

[ — sampling
. P=0013 (1=3) 7
jary 6 - . . ~g hiPSC
H PRO005 (<3} | = ofive oil P=0.026 !
ol | =5 - -8 hiPSCABA
4 | E
= 4
-3 : o
-1 - i
L9 4 o ¥
T <
. = e ;9:(0,03?7
) DN i
& F S 0 L K
F¥&E
¥ & 0 2 4 6(h)
?
c ' isoproterenol
) glucose
i
D G
=120
% «-[3- saline R Day 10 g Day 21
£ - RMSCAWA G| i —
£ £ pegaze} | e | "penoss
Py @~ hESCABA £ s } ‘ § paecy
a g 12
g 3
2 Sw b !
e S ow Pow ;
S . g w [ i
S E 0 B S ¥ IS - 3« I o
2 g {
i G w0 ®
& i S on [} - -
ot (m) 9"'}\(‘ 65'& ‘;b\\o %(‘8’
& &

K . M 180
5 o~ 160 P=0.0014
§ 3 L (0=3)
8 E
3 2 1w
a
§ S w
g o w
% 8 «
& & | & hMSCawA
~de— hMSCAWA + hESCABA
o+ » h

] 15 30 45 60 (m}

Figure 4, Metabolic Improve by BPSE-Dert BA Trensplantetion

(A) Blood TG clearance tests. Immunocompetent ICR mice were transplanted with immature hESCs (ihESC) (n = 3 mice), hESCABA (n = 3 mice), or h(MSCdWA
(n = 3 mice). After 16 hr starvation, isoproterenol was administrated and biood TG levels were measured.

(B) Oral fat tolerance tests. ICR mice were transplanted with immature hiPSC (ihiPSC) (n = 3 mice) or hiPSCABA (n = 3 mice). Olive oil was orally loaded, and blood
TG levels were measured over time after isoproterenol treatments.

(C-F) OGTT. ICR mice were injected with saline (n = 3 mice), hESCdBA (n = 3 mice), or h(MSCdWA (n = 3 mice), and OGTT was performed (C). Fasting blood
glucose levels (D), HOMA-IR (E), and blood glucose values after oral glucose loading (F) are shown.

(G-J) Immunocompromized NOG mice were injected with saline or transplanted with hESCdBA. At indicated time points, fasting blood glucose levels
were measured. Three mice (day 10} or five mice (Day 21) were used for each condition (G). Histological studies were performed by HE staining (H) and
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BA, which is responsible to a 3-adrenergic receptor agonist,
has also been generated from human multipotent adipose-
derived stem cells by chronic treatment with thiazolidinediones
(Elabd et al., 2009). The merit of our system is that it does not
require preparation of human specimen materials but utilizes
hPSCs, which are capable of unlimited expansion in vitro.

One of the main findings of our research is that HC composed
of KITLG, IL6, FLT3LG, and VEGF is essential for BA differentia-
tion of hPSCs. Although BMP7 plays an important role in BA
differentiation of hPSC (Figure S2) as reported in murine cases
(Tseng et al., 2008), HC is indispensable for BA differentiation
of hPSCs (Figure 1D). It is known that VEGF is synthesized in
rodent BAT (Asano et al., 1997; Tonello et al., 1999), promoting
the anglogenesis within BAT. Moreover, L6 is reportedly
secreted from cultured human BM adipocytes (Laharrague
et al.,, 2000). Our findings imply that VEGF and IL6, together
with KITLG and FLT3LG, work as fundamental autocrine or
paracrine factors to promote BA differentiation.

Compatible to the finding by Sellayah et al. (Sellayah et al,,
2011), the inhibitor analyses demonstrated the involvement of
p38 MAPK signaling, but not of MEK signaling, in BA differen-
tiation of hESC (Figures 5E-5G). However, distinct findings
were obtained from the case of hiPSCs, in which MEK
signaling played a role in BA differentiation (Figure 5E-5G). At
this moment, the basis for the difference in the effects of iden-
tical inhibitors between hESCs and hiPSCs remains elusive. It
may be related to the difference in the genetic background
of pluripotent stem cell lines, reflecting the individual difference
of the “donor” or the difference in the type of pluripotent stem
cells or both. Further investigations are required to obtain the
whole picture of the molecular basis for BA differentiation of
hPSCs.

By providing high-purity human BA and WA materials, we
demonstrated the differential effects on metabolic regulation
between BA and WA: BA improves while WA deteriorates
glucose metabolism. Because those effects were confirmed
by a short-term assay without body weight changes and also
because the effects of BA and WA on lipid metabolism were
similar, the beneficial effect of BA on glucose metabolism is
not a secondary consequence of general metabolic improve-
ment. Conventional subcutaneous fat transplantation experi-
ments were not able to distinguish the effect of BA from that of
WA, because subcutaneous fat tissues contain both WA and
BA. Thus, our system will provide a unigue tool for the research
of BA in regard to glucose metabolism.

Another surprising finding is the functional link between BA
and hematopoiesis. We showed that hPSCdBAs serve as
a stroma for MPCs. In contrast to the “niche” for HSCs, which
is composed of immature osteoblasts and sinusoidal endothelial
cells, the “stroma” for committed HPCs remains a mystery. The
only report showing the characteristic of such stroma was
a study by Dexter et al. (Dexter et al., 1977), in which BM fat cells
with multilocular lipid droplets attached by mitochondria
were identified as a stroma for CFU-S. Our results indicating

that (1) hPSCdBAs express various hematopoietic cytokines in
response to pB-adrenergic receptor stimuli, (2) hPSCdBAs
promote myelopoiesis of human cord blood CD34" cells, and
(3) B-adrenergic receptor stimuli accelerate the recovery from
5-FU-mediated myelosuppression together show that BM-BAT
serves as a stroma for MPCs. Among those, the third finding is
particularly important because it illustrates a very feasible way
to shorten the period of myelosuppression, the major side effect
of intensive chemotherapy for progressive cancers.

The PET-CT results of young healthy volunteers, together
with gene expression analyses of human BM specimen and
histological examinations of murine vertebral BM samples,
strongly suggest the existence of active BAT in vertebral BM in
mammals. Because classical BAT is derived from Myf5-positive
myoblastic cells (Seale et al., 2008) and because Myf5-positive
cells emerge at the juxtaspinal, prospectively paravertebral,
regions within somites (Cossu et al., 1996; Braun and Arnold,
1996), the existence of BA in vertebral BM seems reasonable.
Because the major portions of vertebrae are composed of
trabecular bones, which are the sites of active hematopoiesis,
and the vertebral marrow is the last reserve site for hematopoi-
etic activity in aged individuals (Tanaka and Inoue, 1976), the
hematopoietic microenvironment of vertebral BM may bear
a unique character. Further investigation will elucidate the whole
picture of HPC regulation.

Our system, providing highly functional hiPSCdBA, may open
a new avenue to the therapy for obesity. However, we have
found that BA differentiation efficiencies substantially differ
among hiPSC lines (data not shown), as reported in the case of
pancreatic p cell differentiation of hESCs (Osafune et al., 2008).
For clinical application, selection of appropriate lines of hiPSCs
will be as important as sophisticating the whole differentiation
process into good manufacturing practice levels.

EXPERIMENT AL PROCEDURES

Establishrment of HiPSCs and Provision of hESCs

SeV-iPS cells were established from human neonatal fibroblast or human
umbilical vein endothelial cells by introducing Yamanaka's four factors using
CytoTune-iPS ver.1.0 (DNAVEC Corp) (Figure S7). Transgenes were eliminated
by a 39pC heat treatment for 5 days. A hESC line (KhES-3) was generously
provided by the Institute for Frontier Medical Science, Kyoto University
(Suemori et al.. 2008).

A Directed Differentiation of hESCs/hiPE0s into Funclional BA

hESCs or hiPSCs were cultured in a 6 cm low-attachment culture dish using
a serum-free differentiation medium composed of 1:1 ratio of IMDM (13390,
Sigma Chemical Co.) and Ham’s F12 (087-08335, WAKO Pure Chemical
Industries), 5 mg/ml bovine serum albumin (A802, Sigma Chemical Co.),
1:100 synthetic lipids (GIBCO #11905-031, Life Technologies, Inc.), 450 pM
a- monothioglycerol (207-09232, WAKO Pure Chemical Industries), 1:100
insulin-transferrin-selenium (ITS-A, Life Technologies, Inc.), 2 mM Glutamax
Il (GIBCO #35050-061, Life Technologies, Inc.), 5% protein-free hybridoma
mix (PFHMII, GIBCO #12040-077, Life Technologies, Inc.), 50 pg/mi
ascorbic acid-2-phosphate (Sigma, A-8960), and the hematopoietic cytokine
cocktail | (5 ng/ml IGF-H, 20 ng/ml BMP4, 5 ng/m! VEGFA, 20 ng/ml
KITLG, 2.5 ng/ml FLT3LG, 2.5 ng/mi IL-6) for 8 days to form spheres. The

immunostaining using an anti-UCP1 antibody (!) and anti-human HLA-A,B,C antibody (J) at day 7. Arrowheads in (H) indicate microvasculatures. Scale bars,

50 pum.

(K-M) Mice were transplanted with hMSCdWAs alone or together with hESCdBA, and OGTT was performed. Fasting blood glucose levels (K), HOMA-IR (L),
and blood glucose values after oral glucose loading (M) are shown. The error bars in (A), (B), (D)~(G), (K), (L), and (M) represent average + SD.
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Developmental marker expression was examined by RT-PCR during BA differentiation of hESCs. Similar results were obtained regarding hiPSCs
(data not shown).
(B) Myoblastic marker expressions were determined by RT-PCR during floating culture.
(C and D) The role of each cytokine was evaluated by morphological examinations (C) and RT-PCR (D). Scale bar, 100 um (upper panels); and scale bar, 150 um
(
(

lower panels).
E-G) Inhibitor analyses. BA differentiation was performed in the presence of inhibitors of BMPR1a, p38 MAPK, MEK1, or AKT as indicated. Phase contrast

micrographs of the spheres at day 8 (scale bar, 200 um) (E) and those of BA at day 10 (scale bar, 50 um) (F) were shown. Expressions of UCPT and PRDM16 were
determined at day 10 by RT-PCR (G).
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(B) After 8 weeks from transplantation, cells were collected from the spleen and subjected to flow cytometry. hCD45-positive percentages were calculated.
Similar results were obtained at 6 and 12 weeks after transplantation (data not shown). The error bars represent average + SD (n = 3).

(C and D) Various hematopoietin expression was examined by RT-PCR in immature hESCs (iIhESCs), hESCdBAs, and hMSCdWAs (C). Hematopoietin expression
in hESCdBAs after isoproterenol treatments was examined over time by RT-PCR (D).

(E and F) 5-FU treatment assay. Experimental procedure (E) and the results of BM-enucleated cell counts (F) were shown. The error bars represent average + SD

(n=3).

hESC/hiPSC-derived spheres were further cultured on gelatin-coated 6-well
plates using the above-described serum-free medium supplemented
with the hematopoietic cytokine cocktail Il (5 ng/ml IGF-li, 10 ng/mi BMP7,
5 ng/ml VEGFA, 20 ng/mi KITLG, 2.5 ng/ml FLT3LG, 2.5 ng/ml IL-6) for
several days.

Protein Expression Analyses

Immunostaining was performed using a goat polyclonal anti-human UCP1
antibody (sc-6528, Santa Cruz Biotechnology, Inc.) or a rabbit polyclonal
anti-human SOD2 antibody LS-C39331, LifeSpan BioSciences Inc., Seattle,
WA) as described previously (Nakahara et al., 2009). Western blotting was
performed using a rabbit polyclonal UCP1 (Ab10983) (Abcam plc., Cambridge,
UK) as described previously (Nakahara et al., 2009).

Gens Expression Analyses
RT-PCR was performed using primers described in Supplemental Information.
Quantitative RT-PCR (qPCR) was performed by applying SYBR Green qPCR

Cell Metabolism 76, 394-406, September 5, 2012 ©2012 Elsevier Inc.

method using primers purchased from SuperArray (QIAGEN Science,
Maryland, USA) as described in the Supplemental Expetimental Procedures.
The results were normalized by GAPDH.

Electron Microscopic Examinations

Cells were fixed by 2.5% glutaraldehyde. Postfixation by 2% osmium
tetroxide, along with sample embedding into resin and slicing, was
performed by Bio Medical Laboratories Co. Lid. (Tokyo, Japan) (Saeki et al..
2000).

inhibitor Anelyses

BA differentiation was performed by adding the following inhibitors to
the differentiation medium: 10 uM p38 MAP kinase inhibitor (Cat 506126)
(Calbiochem Co., Darmstadt, Germany), 50 uM MEKT inhibitor (PD 98059)
(Calbiochem Co.), 10 M BMPR1a inhibitor (Dorsomorphin Dihydrochloride,
Cat 047-31801) (WAKO Pure Chemical Industries, Osaka, Japan), and
10 uM Akt inhibitor IV (Cat 124011) (Calbiochem Co.).
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Figure 7. Examinations on BM-BAT
(A) Expression of PRDM16 and UCPT1 in BM
RNA samples of 27-year-old and 41-year-old
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e Consumption Analyses
The adherent culture step of BA differentiation was performed on special
96-well plates (Seahorse Bioscience Inc., Billerica, MA) precoated by 0.1%
gelatin by seeding 30 spheres per well. Oxygen consumption was analyzed
by Extracellular Flux Analyzer XF96 (Seahorse Bioscience Inc.) according to
the manufacturer’s guidance.

Calorigenic Analyses

The 1 x 10° of hPSCABA or immature hPSCs were suspended in 100 ul saline
and subcutaneously transplanted into 5-week-old male ICR mice After 24 hr,
30 pmol/kg of isoproterenot (12760, Sigma Chemical Co.) was administrated
from the tail vein. After another 4 hr, mice were anesthetized, and dermal
temperature was measured by Thermo GEAR G120/G100 (NEC Avio infrared
Technologies Co., Ltd, Tokyo, Japan). All animal care procedures involved in
calorigenic analyses, assessment of lipid and metabolism, and hematopoietic
stromal assays were approved by the Animal Care and Use Committee of
the Research Institute, National Center for Global Health and Medicine
(NCGM), and complied with the procedures of the Guide for the Care and
Use of Laboratory Animals of NCGM.

Assessment of Lipid Melabolism

Six-week-old male CR mice were subcutaneously transplanted with 1 x 10° of
immature hESC, hESCdBA, or hMC-derived WA suspended in 100 pl saline and
kept abstained from feed. After 16 hr, isoproterenol (30 pmol/kg) was adminis-
trated. After another 2 hr, blood samples were taken, and TG concentrations

males and hurmnan BM-derived hMSCdAWA (hBM-
MCdWA).

B) 8F.FDG-PET/CT. Typical results of the
frontal images under warm and cold conditions
were shown. Arrows indicate '®F-FDG uptake
into vertebrae per se, and arrowheads indicate
8F-FDG uptake into classical paravertebral BA.
(C and D) Shown are sagittal and axial section
images of '®F-FDG-PET/CT under warm (C) and
cold conditions (D). Arrows indicate the "°F-FDG
uptake into vertebral BM.

(E and F) Thoracic vertebra of 3-week-old ICR
mice was subjected to HE staining (E) or UCP1
immunostaining (FF). Arrowheads indicate the
existence of BA.

were measured by Accutrend Plus (F. Hoffmann-
La Roche, Ltd., Basel, Switzerland). For oral fat
tolerance tests, ICR mice were subcutaneously
transplanted with immature hPSC or hPSCdBA
and kept abstained from feed. After 16 hr, isopro-
terenol (15 pmol/kg) was administrated. After
another 2 hr, 200 pl of olive oil was orally adminis-
trated, and blood TG levels were measured
every 2 hr.

Assessment of Glucose Metabolism

The 1 X 10° of RESCABA or h(MSCdWA was trans-
planted to 6- or 10-week-old male ICR mice, which
were kept abstained from feed. After 16 hr, isopro-
terenol (30 pumol/kg) was administrated. After
another 4 hr, 2 g/kg of glucose (041-00595, Wako
Pure Chemical Industries, Ltd., Osaka, Japan)
was orally administrated. Blood sample were taken
after 0, 15, 30, and 60 min. Blood glucose concen-
trations were measured by Accutrend Plus, and
plasma insulin concentrations were measured
by mouse insulin ELISA kit (Morinaga Institute of Bioiogical Science, Inc.,
Yokohama, Japan).

Hematopoletic Stromal Assays

The human cord blood CD34™ cells were cultured on hPSCABA layers without
recombinant cytokines in RPMI1640 medium supplemented with 10% fetal
calf serum. Floating cells were collected after 7 days, and 2 x 10° cells were
transplanted into tibial bone marrow of NOG mice. After 6, 8, and 12 weeks,
cells were collected from contralateral femoral bone marrow and spleen and
subjected to cytometry using an anti-human CD45-FITC (clone J33) (Beckman
Couilter Inc.) and anti-human CD33-PE antibody (clone WM53) (BD Biosci-
ences, San Jose, CA). For control, cord blood CD34" cells were directly trans-
planted without coculture. For myelosuppression recovery assays, 100 mg/kg
of 5-FU was intraperitoneally administrated. From day 3 to day 6, 30 pmol/kg of
isoproterenol was administrated from tail vein. At day 7, bone marrow cells
were collected from femoral bones and analyzed.

PEEDG-PET/CT Examinations

After careful instruction regarding the study and informed consent to partici-
pants, PET/CT examinations of healthy young volunteers (24.8 + 5.8 years of
age, n = 20) were performed. The protocol was approved by the institutional
review boards of Tenshi College. Standardized uptake value (SUV) was
measured by an expert as described in the Supplemental Experimental
Procedures. Data are reported as means + SEM. Statistics analyses were
performed using SPSS software, version 18 (International Business Machines
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Corp, New York), as described in the Supplemental Experimental Procedures.
P values are considered to be statistically significant if <0.05.

SURPLEMENTAL INFORMATION

Supplemental Information includes seven figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article
online at http://dx.doi.org/10.1016/.cmet.2012.08.001.
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Summary

Epithelial cell injury under hyperinflammatory conditions is critical in the development
of septic acute lung injury (ALI). The aim of the present study is to analyze the cytotoxic
effects of a mixture of proinflammatory cytokines in the human alveolar epithelial cell
line A549. The cytotoxicity of proinflammatory cytokines were assessed in A549 celis
by measuring lactate debydrogenase released into the culture medium and by crystal
violet staining of surviving cells. Activation of the caspase-dependent apoptotic pathway
was evaluated by monitoring cleavage of cytokeratin 18 by caspases using enzyme-liked
immunosorbent assay (ELISA). To estimate the cytotoxic signaling pathways responsible

' for epithelial injury, agents with antiinflammatoery or antioxidative preperties were

extensively screened for cytoprotective effects in the inflammation-associated epithelial
injury model. The present study revealed that inflammatory cytokines exerted cytotoxicity
in A549 cells. A mixture of interleukin-1beta (IL-1f), tumor necrosis factor-alpha
(TNF-u) and interferon-gamma (IFN-y), designated as cytomix, augmented cytotoxieity
compared with each individual cytokine. Treatment with glucocorticoid (dexamethasone),
tetracycline-derived antiinflammatory antibioties (minocycline or doxyeycline),
angiotensin II receptor biockers (losartan or telmisartan), or antioxidants (dimethy}
sulfoxide, catalase) attenuated cytomix-induced cytotoxicity, including caspase activation.
These results implied that inflammatery cytokines alone could cause alveslar epithelial
injury in the pathophysiology of septic ALL Caspase-dependent apoptosis was speculated
to be one mechanism respounsible for the cytokine-induced cytotoxicity. Agents with
antiinflammatory or antioxidative properties such as glucocorticoid, tetracycline-derived
antibiotics, angiotensin II receptor blockers, or direct antioxidants showed substantial
effect in attenuating cytokine-induced cytotoxicity and may be candidates for treatment
options.

Keywords: Acute lung injury, sepsis, proinflammatory cytokine, epithelial cell injury, apoptosis

1. Introduction

coagulation systems are susceptible to acute injury
during septic sequelae and therefore resolution of

Despite the broad repertoire of potent antibiotics and
progress in intensive patient care, sepsis remains a life-
threatening condition (/). Multiple organ dysfunctions
are responsible for the high mortality rate of septic
patients. Pulmonary, renal, cardiovascular and
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Faculty of medicine, The University of Tokyo, Hongo
7-3-1, Bunkyo-ku, Tokyo 113-8655, Japan.

E-mail: kchang-tky@umin.ac.jp

vital organ dysfunctions is pivotal in management
of patients with sepsis (2). Acute lung injury (ALID)
and its more severe form, acute respiratory distress
syndrome (ARDS), are characterized by hypoxemia
and diffuse bilateral infiltrates in the lung (3). Although
protective ventilatory strategies have been reported
to improve patient survival (4), core information
leading to decisive therapeutic intervention is still
lacking. The pathophysiological basis of ALI consists
of excessive and protracted alveolar inflammation
accompanied by alveolar epithelial injury, including
epithelial cell death (5-7). Thus, it is critical to clarify

www. biosciencetrends.com
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how the hyperinflammatory condition damages alveolar
epithelial cells and to explore what pharmacological
agents have potential to protect lung tissue,

In this study, we evaluated the cytotoxicity induced
by a mixture of proinflammatory cytokines (JL-1p/
TNF-a/IFN-y), which have been suggested to play major
roles in sepsis or ALY (5,8-/3), in the human alveolar
epithelial cell line AS49. Then, to clarify the cytotoxic
signaling pathways responsible for alveolar epithelial
cell injury, various agents with antiinflammatory or
antioxidaiive properties were screened for cytoprotective
effects in an in vifro acute lung injury model (9,74-17),

2. Materials and Methods
2.1. Cell culture and reagents

Human lung carcinoma type I epithelium-like A349
cells, purchased from Riken BioResource Center
Cell Bank (Tsukuba. Ibaraki, Japan), were grown in
Dulbecco's Modified Eagle's Medium (DMEM; Sigma,
St. Louis, MO, USA) with 10% hcat-inactivated fetal
bovine serum (FBS), 100 U/mL penicillin, 100 mg/mL
streptomycin in 10 em dishes at 37°C in a humidified
atmosphere of 5% CO,.

Reagents were purchased commercially as follows;
human IL-15, human high-mobility group box 1
(Humanzyme, Chicago, IL, USA); human TNF-q,
human interleukin-6 (IL-6) (Prospec, Rehovot, Israel),
human IFN-y (Peprotech, Rocky Hill, NJ, USA);
dexamethasone, minocycline, doxycycline, human Fas
ligand (Enzo, Plymouth Mecting, PA, USA); losartan,
telmisartan (LKT Laboratories, St. Paul, MN, USA);
dimethy! sulfoxide (DMSO), catalase-polyethylene
glycol (PEG), crystal violet (Sigma, St. Louis, MO,
USA).

2.2. Drug treatinent

A549 cells were seeded in 24-well tissue culture plates
at 5 x 10" cells/well overnight. After ccll attachment,
the content of FBS in medium was decrcased to 2%
by medium change. Cells were pretreated for 1 h with
agents which were expected to confer cytoprotection
and then stimulated with preinflammatory cytokines.
To recapitulate the severe inflammatory condition
in vitro experiments, stimulation of cultured cells
by combination of proinflammatory cytokines, such
as HL-1B/TNF-o/1FN-y (designated as cytomix for
convenience) was employed (/5-17). The concentration
of these eytokines was mainly 10 ng/mL in the present
study. This value was adopted with reference to other
reports (75-77) and to our preliminary experiments.
In fact, at this concentration, either [L-18 or TNF-u
exerted substantial cytotoxicity in A549 cells. Control
(ctrl) cells were treated with the corresponding vehicle
alone. The concentration of vehicle DMSO or ethanol in

solvents.
2.3. Cyiotoxicity of cytokines against A549 cells

The cytotoxicity of cytokines against AS49 cells was
evaluated after 24 h-60 h of cytokine stimulation
depending on the purpose of the experiments. Cell
morphologics were observed and photographed
under a light microscope. Cytotoxicity was evaluated
quantitatively by monitoring lactate dehydrogenase
(LLDH) concentration in culture medium and by
crystal violet staining (/8./9). LDH is abundant in
the cytoplasm and is released into the culture medium
accompanying damage of the cell membrane. Crystal
violet solution can promptly fix and stain living cells on
culture plafes. Thus, LDH concentration reflects the total
amount of damaged cells, while crystal violet staining
reflects the total amount of surviving cells.

2.3.1. LDH determination

LDH concentration in culture medium was determined
using a Cytotoxicity Detection Kit Plus (Roche Applied
Science, Mannheim, Germany) according to the
manufacturer's instructions. The samples were measured
spectrophotometrically at a wavelength of 490 nm (with
a reference wavelength of 620 nm). After subtracting the
background control value (medium only), each sample
value was represented in relation to the untreated control
value.

2.3.2. Crystal violet staining

After aspiration of culture medium, surviving cells
were fixed and stained with 0.5% crystal violet in
95% cthanol for 5 min and then washed with tap water
several {imes. After photographs were taken, 1% sodium
dodecylsulfate (SDS) solution was added to each well to
elute the blue dye and the absorbance at 595 nm of the
eluted samples was measured spectrophotometrically for
quantitative evaluation. The values of samples stimulated
with cytomix in the presence of pretreatment drugs were
calibrated relative to that of the corresponding control
with pretreatment drug only.

2.3.3. Evaluation of caspase activity

To explore the contribution of apoptosis to the cytokine-
induced cytotoxicity of A549 cells, caspase activity
was investigated. To this purpose, the levels of soluble
caspase-cleaved cytokeratin 18 fragments were
measured by M30 cytodeath ELISA (Peviva, Bromma,
Sweden) according to the manufacturer's instructions.
The M30 antibody recognizes a neo-epitope (Asp396)
exposed after cleavage of cytokeratin 18 by effector
caspase (caspase 3, 6, and 7) in human, monkey, and
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bovine epithelial cells (20.27). After subtracting the
background control value (empty blank), cach sample
valuc was represented in relation fo the untreated control
value.

2.4, Statistical analysis

Experiments were carried out in friplicate and repeated at
least three times. Data are expressed as means = standard
error of mean (S.E.M.). Statistical significance of
differences between means was determined with either
by Student's 7 test or by analysis of variance followed
by post hoe Tukey test for multiple comparisons. All
statistical procedures were performed using Excel 2004
{Microsoft, USA) with the add-in software Statmate™
2008 (ATMS, Japan). In all analyses, p < 0.05 was taken
to indicate statistical significance.

3. Results

3.1. Mixture of proinflammaiory cytokines exerted
cytotoxicity synergistically in A549 cells

The cytotoxic effects of proinflammatory cytokines

controi

CM (10ng/ml.)

were investigated in A549 cells. Cytomix (a mixture
of IL-1B/TNF-a¢/IFN-v) induced cell death, a decrease
in cell number, and morphological changes in A549
cells in a dose dependent manner (Figures 1A and
1B). The cytotoxicity became prominent 48 hours
after cytomix challenge (Figure 1C). TL-15 decreased
cell survival (Figures 2A and 2B) and significantly
induced cell damage (Figure 2C). TNF-u showed
stmilar cytotoxicity, although to a lesser extent than
IL-1f at the same concentration. IFN-y alone failed
to show cytotoxicity at this concentration. However,
adding IFN-y to 1L-1B/TNF-a significantly augmented
the cytotoxicity compared to 1L-1B/TNF-a alone. This
cytotoxic synergism was thought to reflect the clinical
observations in sepsis where multiple cytokines are
responsible for biological toxic effects in cooperation
22).

To estimate the role of apoptosis in cytokine-induced
cytotoxicity, the activity of caspases was evaluated by
measurement of cleaved cytokeratin 18 released into the
culture medium. Cytokeratin 18 is a cytoskeleton protein
distributed in the cytoplasm of human epithelial cells. It
is a substrate of activated effector caspases (caspase 3,
6, 7), and the amount of cleaved form in culture medium

CM (30ng/ml.)
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Figure 1. Cytomix induced cell death in AS49 cells in a dese-dependent manner. (A) Light microscopic images of A549
cells stimulated with cytomix (CM: a mixture of [L-1B/TNF-o/IFN-y) for 48 h. Dose dependent decrease in cell number and
changes in morphology were observed. The original magnification of the images was 100x. (B) A549 cells were stimulated with
cytomix at various concentrations. 1x CM stands for 1 ng/mL each of IL-1B, TNF-g, and IFN-v. Cell damage was evaluated
by monitoring the concentration of LDH in culture medium at 48 hours after cytomix challenge. Cytomix induced cell damage
in a dose dependent manner in A349 cells. (C) A349 cells were stimulated with 10x CM. Cell damage was evaluated by LDH
measurement at the indicated times after cytomix challenge. The cytotoxicity induced by cytomix became remarkable 48 h after
cytomix challenge. Control cells were treated with the corresponding vehicle alone. Bar graph shows means + SEM. ¥ p <0.01
vs. the corresponding control, * p < 0.01 vs. 24 1, * p < 0.01 vs. 32 1.
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Figure 2, Mixture of proinflammatery cytokines exerted synergistic cytomxicity in A549 cells, AS49 cells were stimulated

with proinflammatory cytokine S,

Cmm ol (eb) cells were treated with the corresponding vehicle

alone or in combination as indicated, for 48 h
ng/ml. The combxmt;ml of IL-1B/TNF-o/TFN-y was the most potent in terms of cytotoxicity. Bar graph shows means £
alone. (A) Photographs showing crystal violet staining of residual

. The concentration of each cymkine was 10
- SEM.

cells in culture plates. (B) Quamuatxvc analysis of crystal violet (CV) staining was pclfonned as described in "Materials and

Methods", *
in culture umduun

p< OOS vs. ctrl,
*p<0.01 vs. control, ¥ p < 0.01 vs. IL1, °

concentr: 'ﬁum of cleaved cytokeratin 18 in culture medium usme an M30 cytodeath ELISA kit. *

vs. 1L1, 7 p < 0.05 vs. IL1/TNF,

is thought to reflect the extent of apoptotic cell death,
as explained in the "Materials and Methods". Similar
to L.DH (Figure 2C), the amount of cleaved cytokeratin
18 was increased significantly by IL-18 or TNF-a but
not by IFN-v alone (Figure 2D). In addition, cytomix

- showed the most prominent increase in level of cleaved
cytokeratin 18.

In addition to IFNwy, to explore a more appropriate
combination of inflammatory mediators, cytotoxicity
of other inflammatory mediators, such as Fas ligand,
IL-6, or high-mobility group box 1 (HMGBI1), was
also investigated because these mediators have been
reported to play significant roles in sepsis (7/4,271.23).
With contrast to IFN-y, however, Fas ligand, IL-6, or
HMGRBT1 failed to show cytotoxicity in A549 cells,
either alone or in combination with 1L-1B/TNFy, up to
100 ng/ml (Figure S1) (Frip://www biosciencetrends.
com/getabstract.php?id=532).

3.2, Pharmacological attenuation of cytomix-induced
evtotoxicity in A549 cells

Next, to search for cytoprotective agents that can
suppress the cytotoxicity induced by cytomix, various

p<0.05vs. JLI/TNE, () Lcl damage was evaluated by monitoring the concentration of LIDH
< 0.05 vs, ILI/TNE. (D) Laspase activation was esumated by the

2 < 0.01 vs. control, ¥ p <0.01

agents with antiinflammatory or antioxidative properties
were extensively screened using LDH measurements,
Preliminary experiments revealed that treatment
with glucocorticoid (dexamethasone), tetracycline-
derived antiinflammatory antibiotics {minocycline or
doxycycline), angiotensin Il receptor blockers (losartan
or telmisartan), or antioxidants (dimethyl sulfoxide,
catalase) attenuated cytomix-induced cytotoxicity in
a dose dependent manner (data not shown and Table
S1 (h{ip‘/’/www biosciencetrends. com/qczabs*trac

agent,s, Whld fa1 led to attenuate cytokme—mduced
cytotoxicity in A549 cells, are listed in Table S2 {(htp://
www. biosciencetrends.com/getabstract.php?id=532).

Dexamethasone is one of the most widely used
drugs for various inflammatory diseases. For ALJ, it has
been repeatedly reappraised (24,25) although its clinical
validity has not been established. Dexamethasone
improved cell survival after cytomix stimulation in
AS549 cells (Figure 3A). Dexamethasone also markedly
attenuated LDH leakage (Figure 3B) and cleavage
of cytokeratin 18 (Figure 3C) induced by cytomix
stimulation.

Tetracycline-derived antibiotics, such as minocycline
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Figure 3. Dexamethasone attenuated cytomix-induced
eytotoxicity in A549 cells. A549 was pretreated with
dexamethasone (Dex: 1 uM) 1 h before cytomix (CM:
a mixture of HL-1B/TNF-o/IFN-y) stimulation. Forty eight
hours after cytomix stimulation, cytotoxicity was evaluated
as described in Materials and Methods. Control cells were
treated with the corresponding vehicle alone. Bar graph shows
means = S.E.M. (A) Dexamethasone significantly recovered
cell number in A549 cells stimulated with cytomix in crystal
violet staining. (B and C) LDH and cleaved cytokeratin 18
in culture medium were also determined. Dexamethasone
significantly decreased LDH (B} and cleaved cytokeratin 18
levels (C) in AS49 cells stimulated with cytomix.

or doxycycline, are known to have pleiotropic effects
other than inhibiting growth of microorganisms,
including antiinflammatory and cytoprotective
properties {17,26,27). Minocycline or doxycycline was
shown to attenuate the cytotoxicity induced by cytomix
in A549 cells similar to dexamethasone (Figure 4) .
Angiotensin II receptor blockade has been shown to
confer cytoprotection in cardiovascular tissues subjected
to inflammation or ischemia/reperfusion injury (28,29).
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Figure 4. Tetracycline~derived antibiotics (minocycline
and dexyeycline} attenuated cytomix-induced eytotoxicity
in A549 cells. A549 was pretreated with minocycline (mine:
100 pug/mL) or doxycychie (doxy: 100 pg/mL) I h before
cytomix (CM: a mixture of IL-1B/TNF-o/IFN-y) stimulation.
Forty eight hours after cytomix stimulation, cytotoxicity was
evaluated as described in Materials and Methods. Control
(ctr}) cells were treated with the corresponding vehicle alone.
Bar graph shows means = SEM. * p < 0.01 vs. control; " p
< 0.01 vs. CM. (A) Minocychne or doxycycline significantly
recovered cell number in A549 cells stimulated with cytomix
in crystal violet staining. (B and C) LDH and cleaved
cytokeratin 18 in culture medium were also determined.
Minocycline or doxycyclhine significantly decreased LDH (B)
and cleaved cytokeratin 18 levels (C) in A549 cells stimulated
with cytomix.

Some reports have argued that it is also a promising
candidate for alleviating the pathophysiology of ALI
(30,31). Losartan, the first angiotensin I receptor
blocker (ARB) clinically applied, improved cell survival
after cytomix stimulation in A549 cells (Figure SA).
In addition, it attenuated LDH leakage and cleavage
of cytokeratin 18 induced by cytomix stimulation
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Figure 5, Lesartan attenuated eytomix-induced
cy mtoucmf in A549 cells. AS49 was plcﬁw‘rcd with losartan
(LOS‘ 0.5 m\/I) 1 h before cytomix (CM: a mixture of [L-
F-a/IFN-y) stimulation. Forty eight hours afler cymmxx
stimulation, cytotoxicity was cva aluated as described in
"Materials cmd Methods". Control cells were treated with the
corresponding vehicle alone. Bar graph shows means = S EM.
(A) Losartan significantly recovered cell number in AS49
cells stimulated with cytomix in crystal violet staining. (B and
Cy LDH and cleaved cytokeratin 18 in culture medium were
also determined. Losartan significantly decreased LDH (B)
and cleaved cytokeratin 18 levels (C) in A549 cells stimulated
with cytomix.

(Figures 5B and SC). Telmisartan, another established
ARB, showed similar cytoprotective effects in cytomix-
stimulated A549 cells (data not shown).

Oxidative stress is potentially cytotoxic and has
been implicated in the mechanisms of various diseases,
including acute disease such as systemic inflammation

or ischemia-reperfusion injury (32,33). There are
a number of antioxidants with respective spectrum
for neutralizing reactive oxygen species. DMSO,
an important polar aprotic selvent, has antioxidant
propertics such as reducing lipid peroxidation (34).
Catalase is a common enzyme found in nearly all
living organisms that are exposed to oxygen, where it
catalyzes the decomposition of hydrogen peroxide to
watcr and oxygen (35). These antioxidants attenuated
the cytotoxicity induced by cytomix in AS49 cells.
in terms of cell survival, cell damage, or cleavage of
cytokeratin 18 (Figure 6).

3.3, Dexamethasone or losartan still exerted
cytoprotection with delaved treatinent after challenge of
cytomix in A549 cells

Cytoproteetive effects of dexamethasone or losartan
were tested as therapeutic agents, meaning that drug
administration began after cytomix challenge in A549
cells. Dexamethasone (Figures 7A and 78) or losartan
(Figures 7C and 7D) still conferred cytoprotection
significantly with delayed administration up to 12
hours after cytomix challenge, although the degree of
cytoprotection decreased compared to pretreatment.

4, Discussion

The main findings of the present study can be
summarized as follows:

1. A mixture of proinflammatory cytokines (IL-1p/
TNF-a/IFN-y) exerted synergistic cytotoxic effects in
the human alveolar epithelial cell line A549.

2. Cytokine-induced cytotoxicity was mediated
at least partially by the caspase-dependent apoptotic
signaling pathway.

3. Antiinflammatory agents, such as glucocorticoid
(dexamethasone), tetracycline-derived antibiotics
(minocycline, doxycycline), angiotensin I receptor
blockers (losartan, telmisartan), or antioxidants (DMSO,
catalase) showed prominent cytoprotective effects
against the cytotoxicity induced by proinflammatory
cytokines.

4. Dexamethasone or losartan still exerted
cytoprotection following late treatment after challenge
of cytomix in A549 cells.

IL-18 and TNF-u are postulated to be the two
main proinflammatory cytokines involved in gystemic
inflammation (7, 17). Either of these cytokines alone
can induce clinical manifestations, such as hypotension,
high fever, chills, and organ dysfunction, representative
of sepsis (22). In the present study, these cytokines
showed cytotoxicity in AS49 cells. Although IFN-y has
not yet been regarded as essential in pathophysiology
of sepsis like IL-18 or TNF-q, this study clearly
showed that it enhanced the cytotoxicity of IL-18 and
TNF-a. In fact, the importance of IFN-y in the native
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Figure 6. Antioxidants (DMSO or catalase) attenuated cytomix-induced cytotoxicity in A549 cells. A549 was pretreated with
dimethy! suifoxide (1% DMSO, A-C) or catalase conjugtated to polyethylene glycol (1,000 unit/mL, D-F) 1 h before cytomix (CM:

a mixture of IL-13/TNF-u/1

N-v) stimulation. Forty eight hours after cytomix stimulation, cytotoxity was evaluated as described

in "Materials and Methods®. Control {ctr]) cells were treated with the corresponding vehicle alone. Bar graph shows means + S.EM.
DMSO (A) or catalase (D) significantly recovered cell number in A549 cells stimulated with cytomix in crystal violet staining.
LDH and cleaved cytokeratin 18 in culture medium were also determined. DMSO (B and C) or catalse (E and F) significantly
decreased LDH and cleaved cytokeratin 18 levels in AS49 cells stimulated with cytomix.

immune system has recently attracted a great deal of
attention (36). For example, [FN-y promotes innate
immune response by activating macrophage, which
plays major roles in eliminating infectious pathogens.
[FN-y enhances immune ceil responsiveness to other
inflammatory stimuli, such as toll-like receptor ligands
and TNF. This phenomenon, termed as "priming",
greatly augments toll-like receptor-induced expression
of inflammatory mediators and immune effectors
including multiple cytokines and chemokines, and
profoundly affects biological outcomes of inflammation.

In a murine model of sepsis induced by cecal ligation
and puncture (CLP), late administration of anti-IFN-y
antibody enhanced survival (37). In fact, high levels
of TFN-y has been demonstrated in some populations
with clinical systemic inflammation, especially in
virus-associated ALI such as SARS (severe acute
respiratory syndrome) (8,70). Multiple inflammatory
mediators have been proved in the bloodstream and
bronchoalveolar lavage fluid of patients with septic
ALY (10-13). The observation that a mediator such
as IFN-y, which has minimal direct toxicity against
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Figure 7. Dexamethasone or losartan still exerted cytopmtectmn with delayed treatment after eytomix challenge in A549
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losartan (€ and D) still conferred cytoprotection significantly with delayed treatment up to 12 h after wtomix challenge, although
the degree of cytoprotection decreased significantly compared to pretreatment (1 h). Control (ctr]) cells wcrc treated with the

corresponding vehicle alone. Bar graph shows means = S.E.M. ¥ p < 0.01 vs. (M

parenchymal cells, can excrt synergistic cytotoxicity in
combination with other mediators implics the complex
pathophysiology of sepsis and suggests one reason for
the failure of antiinflammatory strategies targeting a
single mediator such as [L-1B or TNF-u (38).
Neutrophil recruitment and epithelial injury
play pivotal roles in the development of ALI
(5-7,21). A number of inflammatory mediators
such as proinflammatory cytokines, lipid mediators,
complements, reactive oxygen species or neutrophil-
derived ptoteases such as elastase (39), are postulated to
be responsible for loss of epithelial integrity. However,
there is little doubt that proinflammatory cytokines
make a substantial contribution in initiating the

pathological process of septic ALL Thus, elucidation of

the direct link between proinflammatory cytokines and
epithelial injury, focusing on molecular mechanisms,
is indispensable to understand the progression of

p < 0.01 vs. pretreatment (—1 h).

septic ALL The present study confirmed that human
alveolar epithelial cells were damaged after challenge
by proinflammatory cytokines. Cell death evoked by
cytokine challenge was remarkable, and the increase
in level of cleaved cytokeratin 18 strongly suggested
the substantial involvement of caspase-dependent
apoptosis. These results are compatible with other
reports arguing that apoptosis pathways are activated in
septic ALI experimentally or clinically (5-7,71,40,41).
As it has been established that hyperinflammatory
status is the major pathophysiology of septic ALIL
modifying inflammation should be highlighted as one
of the central strategies for alleviating septic ALL
Although protective ventilatory strategies have been
shown to lessen mortality in ALI patients (4), the way
of directly downregulating inflammation itself bas not
been fully examined. In addition, there is increasing
evidence that oxidative stress as well as nitrosative

www. biosciencetrends.com



BioScience Trends. 2012, 6(2):70-80. 78

stress prevails at sites of inflammation as adaptive
responses of the host, such as antimicrobial strategies
or stress-evoked signal transduction (32,33). As
excessive oxidative stress in turn causes tissue damage
of host cells, alleviation of oxidative stress can be a
promising alternative to controlling inflammation-
associated injury in septic ALL (42,43). In the present
study, 'we screened agents with antiinflammatory or
antioxidative properties for cytoprotective effects in the
in vitro model mimicking alveolar hyperinflammation.
We have demonstrated that antiinflammatory agents
dexamethasone, tetracycline-derived antibiotics,
or ARBs attenuated cytokine-induced cytotoxicity
including caspase activation in A549 cells. In addition,
antioxidants such as DMSO or catalase similarly
attenuated cytokine-induced cytotoxicity. These
agents have been referred to as cytoprotective in
inflammation-associated conditions (24-35), although
clinical validity has not been fully defined, especially
in septic ALIL Further investigations are underway to
clarify the mechanism of pharmacological attenuation
of cytokine-induced cytotoxicity. It is widely accepted
that inflammatory stimuli activate NF-kappaB pathway
and MAP kinase pathway (44). Simultaneously,
oxidative stress contributes to epithelial injury because
catalase was effective in attenuvating inflammation-
associated cell death in the present results. Thus, we
are now focusing on NF-kappaB pathways, MAP
kinase pathways and sources of oxidative stress (such
as mitochondria, NADPH oxidase, xanthine oxidase,
inducible nitric oxide synthase, or arachidonic acid
cascade), as cytotoxic signal pathways evoked by
inflammatory stimuli (Figure 8).

The present study has some limitations. First, A549
is a cancer cell line and its intrinsic cell death pathways
may differ from those of physiological human alveolar
epithelial cells. Second, cytotoxic mediators employed
here were IL-1B/TNF-0/IFN-y and it is not clear
whether this combination is optimal in simulating /n
vivo hyperinflammatory status. Third, the methods used
to detect cell death in our experiments were limited.
For example, the apoptotic component was estimated
based on the level of cleaved cytokeratin 18 and was
not confirmed directly by morphological evidence of
apoptosis.

However, it is important to check the signaling
pathway using human cells as well as using in vivo
animal models. It is practically impossible to include
all of inflammatory mediators as stimulants. The
combination of IL-1B/TNF-o/IFN-y has often been
adopted to set up hyperinflammation in vitre and
accepted in many medical journals (/3-17,45-48). In
the present study it exerted sufficient cytotoxicity with
clinical relevance as discussed earlier. It is reported
that in clinical septic patients, numerous cytokines,
irrespective pro-, or anti-inflammatory, appear in an
overlapping manner as long as inflammatory process

Proinflammatory cytokines
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Figure 8. Proposed signaling pathways through which
proinflammatory cytokines induce cytotoxicity in alveclar
epithelial cells. Putative mtracellular signaling components
responsible for proinflammatory cytokine-induced celjular
dysfunction are shown. It is postulated that cytoprotective
agents will mterfere in somewhere in the above-mentioned
signaling pathways (see "Discussion™). MAP kinase: mitogen
activated protein kinase; AP-1: activating protein-1.

continues (49). Thus, we postulate that 1L-1B/TNF-o/
IFN-vy is a minimum and appropriate mixture to
simulate the status of clinical cytokine storm in in
vitro system. Lastly, direct confirmation of apoptosis
was not the main objective of this study. Apoptosis is
now regarded as just onc form of cell death patterns
in the recent framework explaining the physiological
cell death mechanism (6). Thus, evaluation of overall
cytotoxicity is more important when differential
demonstration of other cell death patterns, such as
autophagy, necroptosis, or caspasc-independent other
programmed cell death, has not been well established
yet.

In conclusion, inflammatory cytokines showed
synergistic cytotoxic effects on A549 cells. Caspase-
dependent apoptosis was speculated to be one
mechanism responsible for the cytokine-induced
cytotoxicity. Agents with antiinflammatory or
antioxidative properties such as glucocorticoid,
tetracycline-derived antibiotics, angiotensin If receptor
blockers, or antioxidants showed substantial effect
in attenuating cytokine-induced cytotoxicity. Further
investigations to clarify the mechanisms of their
beneficial effects will contribute to exploring new
treatment options for ALL
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