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Fatty acid-binding protein 4 (FABP4) is predominantly
expressed in adipocytes and macrophages and regulates meta-
bolic and inflammatory pathways. FABP4 is secreted from adi-
pocytes during lipolysis, and elevated circulating FABP4 levels
are associated with obesity, metabolic disease, and cardiac dys-
function. We previously reported that the bacterial respiratory
pathogen Chlamydia pneumoniae infects murine adipocytes
and exploits host FABP4 to mobilize fat and replicate within
adipocytes. However, whether C. pneumoniae induces FABP4
secretion from adipocytes has not been determined. Here, we
show that FABP4 is actively secreted by murine adipocytes upon
C. pneumoniae infection. Chemical inhibition of lipase activity
and genetic deficiency of hormone-sensitive lipase blocked
FABP4 secretion from C.pneumoniae—infected adipocytes.
Mechanistically, C. pneumoniae infection induced endoplasmic
reticulum (ER) stress and the unfolded protein response (UPR),
resulting in elevated levels of mitochondrial reactive oxygen
species and cytosolic Ca>*. Of note, exposure to a mitochondrial
reactive oxygen species—specific scavenger, MitoTEMPO, re-
duced FABP4 release from C. pneumoniae—infected adipocytes.
Furthermore, treatment with azoramide, which protects cells
against ER stress, decreased FABP4 release from C. pneu-
moniae—infected adipocytes. Using gene silencing of CHOP
(C/EBP homologous protein), a central regulator of ER stress,
we further validated the role of C. pneumoniae infection—
induced ER stress/UPR in promoting FABP4 secretion. Overall,
these results indicate that C. puneumoniae infection robustly
induces FABP4 secretion from adipocytes by stimulating ER
stress/UPR. Our findings shed additional light on the etiological
link between C. pneumoniae infection and metabolic syndrome.
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Adipocyte fatty acid—binding protein (FABP4),? also known
as adipocyte protein 2 (aP2), is abundantly expressed in adi-
pocytes and functions as an intracellular lipid chaperone that
can affect the uptake, transportation, esterification, and 3-oxi-
dation of fatty acids and that regulates energy balance and lipid
signal transduction within cells (1, 2). Under fasting and lipol-
ysis stimuli, FABP4 has been shown to be actively secreted from
adipocytes (3—5) and acts on the liver to stimulate glucose pro-
duction (6). In humans, elevated circulating FABP4 levels are
associated with obesity and metabolic diseases. FABP4 acts on
multiple integrated pathways to regulate lipid metabolism and
inflammation, impairs insulin action, promotes glucose pro-
duction, and contributes to the pathogenesis of immune—
metabolic diseases such as diabetes mellitus and atherosclerosis
(7-11). However, the role of infectious agents on FABP4 secre-
tion or the role of FABP4 on the bacterial pathogenesis has not
been studied.

The association of Chlamydia pneumoniae infection with
metabolic syndrome has been intensively studied (12-15);
however, whether C. pneumoniae has a causal role in metabolic
syndrome remains undetermined (16-19). We have recently
demonstrated that C. pneumoniae proliferates in mature adi-
pocytes by inducing lipolysis and unveils a new mechanism of
host lipid metabolism modulation by C. pneumoniae infection
(20). We reported that liberated free fatty acids are utilized to
generate ATP via 3-oxidation, which C. pneumoniae usurps for
its replication. C. pneumoniae exploits host FABP4 to facilitate
fat mobilization and intracellular replication in adipocytes.
However, whether C.pneumoniae infection causes FABP4
secretion from adipocytes has not been clarified.

The endoplasmic reticulum (ER) is an important intracellu-
lar compartment for regulation of protein synthesis and lipid
metabolism. Perturbations of ER functions, referred to as “ER
stress,” leads to the activation of the unfolded protein response

3 The abbreviations used are: FABP4, fatty acid-binding protein 4; Cpn,
C. pneumoniae; ER, endoplasmic reticulum; HSL, hormone-sensitive lipase;
MOI, multiplicity of infection; ROS, reactive oxygen species; PERK, double-
stranded RNA-dependent protein kinase R-like ER kinase; UPR, unfolded
protein response; LDH, lactate dehydrogenase; ATGL, adipose triglyceride
lipase; shRNA, short hairpin RNA; BAPTA-AM, 1,2-bis(2-aminophenoxyl)e-
thane-N,N,N,N-tetraacetic acid; SPG, sucrose-phosphate-glutamate; BHI,
brain-heart infusion; EGFP, enhanced GFP; DMEM, Dulbecco’s modified
Eagle’s medium; FCS, fetal calf serum; ANOVA, analysis of variance; IFU,
inclusion-forming unit; EB, elementary body.
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Figure 1. C. pneumoniae infection induces the secretion of FABP4 from murine adipocytes. A, immunoblot analysis of FABP4 in cultured medium (CM)
and cell lysates (CL) of 3T3-L1 adipocytes after mock or C. pneumoniae (Cpn) infection for 2-24 h. B-Actin served as the standard. B, secretion of FABP4 was
measured in the cultured medium of 3T3-L1 adipocytes after mock or Cpn infection for 2-24 h. A 4-h incubation with forskolin (20 um) served as the positive
control for lipolysis. C, relative levels of Fabp4 mRNA in 3T3-L1 adipocytes after mock or Cpn infection for 4-24 h, as determined by real-time PCR. Gus mRNA
served as the internal control. D, LDH assay using the supernatant of 3T3-L1 adipocytes at 2-24 h after mock or Cpn infection (n = 3/group; B-D). **, p < 0.01
by two-way ANOVA (B and C). The data are shown as the means * S.E. and are representative of at least three experiments.

(UPR) (21) and has been linked to numerous pathological con-
ditions, including inflammation, cardiovascular diseases, and
metabolic disorders (22). The UPR relies on ER membrane-
localized sensors, including ATF6 (activating transcription fac-
tor 6), IRE1 (inositol-requiring enzyme 1), and dsRNA-depen-
dent protein kinase R-like ER kinase (PERK), which at steady
state are bound to the ER chaperone immunoglobulin protein
(BiP), also known as GRP78 (78-kDa glucose-related protein).
The UPR has emerged as a key target for host cells and viruses
to control infection outcomes (23). However, the connection
between bacterial pathogens and the UPR has been poorly
explored (21, 24)

Recently, George et al. (25) have demonstrated that the three
transducers of UPR (PERK, IREl«, and ATF6a) are activated
during Chlamydia muridarum infection of murine oviduct epi-
thelial cells and suggested that UPR increases host-cell glucose
utilization, ATP synthesis by substrate level phosphorylation,
and phospholipid production, resulting in bacterial replication.
Little, however, is known about the role of ER stress/UPR on
C. pneumoniae infection or the possible linkage to C. pneu-
moniae infection—induced pathogenesis.

In this study, we found that FABP4 is secreted from adi-
pocytes by C. pneumoniae infection via ER stress/UPR. Our
data indicate that C. pneumoniae infection—induced ER stress/
UPR causes the elevation of mitochondrial reactive oxygen spe-
cies (ROS) and cytoplasmic calcium in adipocytes, resulting in
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robust FABP4 secretion associated with lipolysis. These results
demonstrate that C. pneumoniae infection—induced ER stress/
UPR causes robust secretion of FABP4 from adipocytes and
provide new insights into the etiological link between C. pneu-
moniae infection and metabolic syndrome.

Results

C. pneumoniae infection induces FABP4 secretion from murine
adipocytes

We previously reported that C. pmeumoniae successfully
infects and proliferates in differentiated 3T3-L1 mouse adi-
pocytes by inducing vigorous lipolysis (20). Because FABP4 is
known to be secreted by adipocytes subjected to lipolytic ago-
nists, we examined whether C. pneumoniae infection—induced
lipolysis causes FABP4 secretion from adipocytes. Immunoblot
analyses of cultured medium of adipocytes revealed that FABP4
secretion was robustly induced by infection with C. pneu-
moniae when compared with mock infections (Fig. 1A and Fig.
S1). Increased FABP4 secretion from adipocytes upon C. pneu-
moniae infection was also confirmed by ELISA (Fig. 1B).
Expression of Fabp4 mRNA was significantly induced by
C. pneumoniae infection (Fig. 1C). A lactate dehydrogenase
(LDH) release assay revealed similar cell death rates among
C. pneumoniae— and mock-infected adipocytes (Fig. 1D), sug-
gesting that FABP4 is actively secreted from live cells. Taken
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Figure 2. C. pneumoniae infection-induced FABP4 secretion is regulated by cAMP-PKA-HSL pathway. A, the lipolytic pathway inhibitors used in this
experiment. B-E, FABP4 levels were measured in the cultured medium of 3T3-L1 adipocytes at 24 h after Cpn infection ata MOI of 5 in the presence or absence
of atglistatin (50 um), CAY10499 (50 um) or JZL184 (1 um) (B), KH7 (50 um) (C), H89 (50 um) (D), or DMSO 1% solvent control (E). F and G, 3T3-L1 adipocytes
differentiated from 3T3-L1 preadipocyte lines each stably expressing a short hairpin RNA (shRNA) against mRNAs encoding either murine EGFP (control) or HSL
were infected with Cpn MOI 5 for 24 h. F,immunoblot analysis of FABP4 in the cultured medium (CM) and cell lysates (CL) of 3T3-L1 adipocytes. B-Actin served
as the standard. G, secretion of FABP4 in cultured medium of these 3T3-L1 adipocytes was examined by ELISA (n = 3/group; B-E and G). **, p < 0.01, one-way
ANOVA (B-E); two-way ANOVA (G). The data are shown as the means = S.E. and are representative of at least three experiments. AC, adenylyl cyclase; PKA,
protein kinase A; MAGL, monoacylglycerol lipase; TAG, triacylglycerol; DAG, diacylglycerol; MAG, monoacylglycerol; FFA, free fatty acid.

together, these results clearly demonstrate that C. pneumoniae
infection in adipocytes induces FABP4 secretion associated
with lipolysis.

Chemical inhibition or genetic manipulation of HSL abrogates
C. pneumoniae infection-induced FABP4 secretion from
adipocytes

Next, we examined the mechanism underlying C. pneu-
moniae infection—induced FABP4 secretion from adipocytes.
FABP4 secretion is responsive to signals that induce lipolysis,
including B-adrenergic receptor agonists and forskolin (an
adenylyl cyclase activator); furthermore, chemical inhibition or
genetic deficiency of hormone-sensitive lipase (HSL) and adi-
pose triglyceride lipase (ATGL) abrogates [-adrenergic—
induced FABP4 secretion (5). It is well-known that after lipo-
lytic stimulation, HSL is phosphorylated and translocated to
lipid droplet surfaces via the cAMP—-PKA—-HSL signaling path-
way (Fig. 24) (26, 27). We previously demonstrated that
C. pneumoniae infection induces HSL activation in adipocytes
(20). Thus we examined the relative importance of lipase in
C. pneumoniae infection—induced FABP4 secretion from adi-
pocytes. Strikingly, FABP4 secretion from C. pneumoniae—in-
fected adipocytes was almost completely blocked by an HSL
inhibitor (CAY10499) (Fig. 2B), whereas a monoacylglycerol
lipase inhibitor (JZL184) partially decreased FABP4 secretion,
and the inhibitory effect of an ATGL inhibitor (atglistatin) (28)

SASBMB

was negligible. Treatment with KH7 (adenylyl cyclase inhibitor)
or H89 (PKA inhibitor) significantly abrogated FABP4 secre-
tion from C. pneumoniae—infected adipocytes (Fig. 2, Cand D),
indicating that C. pneumoniae infection-induced FABP4
secretion depends on the cAMP-PKA—-HSL axis. Furthermore,
the importance of HSL in C. pneumoniae-induced FABP4
secretion was confirmed by data acquired using 3T3-L1 cells
stably expressing a short hairpin RNA (shRNA) against mRNA
encoding either murine EGFP (control) or HSL. The C. pneu-
moniae infection—induced FABP4 secretion from 3T3-L1 adi-
pocytes expressing shRNA Lipe encoding HSL was severely
abrogated (Fig. 2, F and G). We previously demonstrated that
chemical inhibition or genetic manipulation of HSL abrogates
the bacterial growth of C. pneumoniae in adipocytes (20). The
importance of cAMP-PKA-HSL signaling pathway in the
intracellular bacterial growth of C. pneumoniae was further
confirmed by the treatment with KH7 or H89 (Fig. S2).

C. pneumoniae infection-induced FABP4 secretion depends
on mitochondrial ROS and cytoplasmic Ca®™ elevation

Considering the importance of HSL in C. pneumoniae
infection—induced FABP4 secretion, we further examined the
conditions required for HSL activation. It was previously
reported that ROS facilitate HSL translocation to lipid droplets
during lipolysis in adipocytes (26). We found that the increase
in mitochondrial ROS generation occurs after C. pneumoniae

J. Biol. Chem. (2020) 295(9) 2713-2723 2715
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Figure 3. C. pneumoniae infection-induced FABP4 secretion depends on mitochondrial ROS. A, flow cytometry (left panel) and quantification (right panel)
of MitoSOX-stained 3T3-L1 adipocytes at 24 h after Cpn infection ata MOI of 5 in the presence or absence of MitoTEMPO (100 um). Band E,immunoblot analysis
of p-HSL and HSL in cell lysates of 3T3-L1 adipocytes at 24 h after Cpn infection in the presence or absence of MitoTEMPO (100 um) (B) or increasing doses of
MitoQ (E). A 2-h incubation with forskolin (20 um) served as the positive control for lipolysis. B-Actin served as the standard. C, glycerol levels were measured
in cultured medium of 3T3-L1 adipocytes at 24 h after Cpn infection in the presence or absence of MitoTEMPO. D and F, FABP4 levels in cultured medium of
3T3-L1 adipocytes at 24 h after Cpn infection at a MOI of 5 in the presence or absence of MitoTEMPO (100 um) (D), increasing doses of MitoQ (Mitoquinone) (F).
InA,C,D,and F, n = 3/group.*, p < 0.05; **, p < 0.01, one-way ANOVA (A, C, D, and F). The data are shown as the means = S.E. and are representative of at least

three experiments.

infection in adipocytes (Fig. 34). Importantly, MitoTEMPO, a
mitochondrial ROS-specific scavenger, markedly inhibited
HSL phosphorylation (Fig. 3B), lipolysis (Fig. 3C), and FABP4
secretion (Fig. 3D). Mitochondrial ROS-dependent HSL activa-
tion and FABP4 secretion in C. pneumoniae—infected adi-
pocytes were further confirmed by using another mitochon-
drial ROS scavenger, MitoQ (Fig. 3, E and F) or N-acetyl
cysteine (data not shown). We also observed that intracellular
Ca®>" levels increased at 12 and 24 h after infection with
C. pneumoniae in adipocytes (Fig. 4A). Treatment with
BAPTA-AM, an intracellular calcium chelator, attenuated
FABP4 secretion in C. pneumoniae—infected adipocytes (Fig.
4B), which is consistent with the recent reports showing the
calcium-dependent release of FABP4 from adipocytes (3, 4).
Although C. pneumoniae infection—induced lipolysis was not
inhibited by BAPTA-AM treatment (Fig. 4C), this treatment
decreased the intracellular growth of C. pneumoniae in adipocytes
(Fig. 4D). Taken together, these results strongly indicate that ele-
vation of mitochondrial ROS and intracellular calcium play an
important role in infection-induced FABP4 secretion in
adipocytes.

C. pneumoniae infection induces ER stress and the UPR in
adipocytes, which leads to lipolysis and FABP4 secretion

Next, we determined what triggers the elevation of mito-
chondrial ROS and cytosolic Ca®>* after infection with C. pneu-
moniae. ER stress and the subsequent UPR, especially CHOP
expression, induces the elevation of cytoplasmic calcium (29).

2716 J. Biol. Chem. (2020) 295(9) 2713-2723

Furthermore, it has been shown that ER stress induces lipolysis
in adipocytes (30). Thus we hypothesized that C. pneumoniae
infection in adipocytes might induce ER stress/UPR, which
then causes lipolysis and FABP4 secretion via elevating cyto-
plasmic Ca®>" and mitochondrial ROS. We found that the
mRNA expression of Chop, Grp78/Bip (glucose regulated
78-kDa protein), Atf4, and sXbpl were robustly induced by
infection with C. pneumoniae when compared with a mock
infection (Fig. 54). Inmunoblot analyses revealed that the cen-
tral regulator of ER stress, CHOP, as well as Bip and phospho-
elF2a showed time-dependent elevation after C. pneumoniae
infection in adipocytes (Fig. 5B and Fig. S3), clearly demonstrating
that C. pneumoniae infection induces ER stress and the UPR.

C. pneumoniae infection—induced elevation of mitochon-
drial ROS was significantly inhibited by the treatment with the
chemical chaperone azoramide, which has been shown to
reduce ER stress (31, 32) (Fig. 5C). Notably, treatment with
azoramide greatly attenuated C. pneumoniae infection—
induced lipolysis and FABP4 secretion (Fig. 5, D and E). ER
stress/UPR-dependent lipolysis and FABP4 secretion were
confirmed using tauroursodeoxycholic acid, another pharma-
cological chaperone that ameliorates the UPR (data not shown).
An IREla RNase-specific inhibitor (STF-083010) (33) and
PERK inhibitor (GSK2606414) (34) also decreased C. pneu-
moniae infection—induced lipolysis and FABP4 secretion (Fig.
5, F and G). Furthermore, we found that gene silencing of
CHOP or PERK abrogates C. pneumoniae infection—induced
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Figure 4. C. pneumoniae infection-induced FABP4 secretion is regulated by cytoplasmic calcium elevation. A, intracellular Ca>* was assessed by Fluo-4
AM fluorescence in 3T3-L1 adipocytes after mock or Cpn infection for 2, 4, 12, and 24 h. Thapsigargin (10 um) for 6 h served as a positive control. Band C, FABP4
(B) and glycerol (C) levels in cultured medium of 3T3-L1 adipocytes at 24 h after Cpn infection at a MOI of 5 in the presence or absence of BAPTA-AM (20 um).
D, the number of infectious EB progeny of 3T3-L1 adipocytes at 24 h after Cpn infection in the presence or absence of BAPTA-AM (20 um) or BAPTA (50 um) was
determined using an IFU assay (n = 3/group; B-D). *, p < 0.05; **, p < 0.01, one-way ANOVA (B-D). The data are shown as the means =+ S.E. and are

representative of at least three experiments.

FABP4 secretion (Fig. 6, A and B). It is worth mentioning that
ER stress/UPR induced by thapsigardin or tunicamycin in
3T3-L1 adipocytes causes FABP4 secretion (Fig. 5H), strongly
supporting the ER stress/UPR-mediated FABP4 secretion.
Taken together, these results clearly demonstrate that C. pneu-
moniae infection induces ER stress/UPR in adipocytes and
causes FABP4 secretion in murine adipocytes.

C. pneumoniae usurps infection-induced ER stress/UPR and
subsequent elevation of mitochondrial ROS for intracellular
replication

We previously reported the infectivity of adipocytes by
C. pneumoniae and the subsequent lipolysis to facilitate bacte-
rial growth (20). We reported that liberated free fatty acids are
utilized to generate ATP via 3-oxidation, which C. pneumoniae
usurps for its replication (20). In this study we have demon-

SASBMB

strated that C. pneumoniae infection—induced ER stress/UPR
and mitochondrial ROS are the central mechanisms promoting
lipolysis and FAPB4 secretion. Finally, we asked the role of ER
stress/UPR and subsequent elevation of mitochondrial ROS on
bacterial growth. The mitochondrial ROS-specific scavenger,
MitoTEMPO and MitoQ, markedly inhibited the intracellular
growth of C. pneumoniae in adipocytes (Fig. 7, A and B). Treat-
ment with the chemical chaperone azoramide significantly
attenuated intracellular bacterial growth of C. pneumoniae
(Fig. 7C). An IRE1 RNase-specific inhibitor (STF-083010) and
PERK inhibitor (GSK2606414) also decreased intracellular
growth of C. pneumoniae infection—induced lipolysis and
FABP4 secretion (Fig. 7D). We also confirmed that gene silenc-
ing of CHOP or PERK abrogates intracellular bacterial growth
in adipocytes (Fig. 7E). Taken together, these results clearly
indicate that infection-induced ER stress/UPR and the subse-
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Figure 5. C. pneumoniae infection induces ER stress and the UPR in adipocytes, which leads to lipolysis and FABP4 secretion. A, relative levels of Chop,
Bip, Atf4, or sXbpT mRNA, as determined by real-time PCR, in 3T3-L1 adipocytes after mock or Cpn infection for 24 h and treatment with thapsigargin (1 um) for
6 h. Gus mRNA served as the internal control. B,immunoblot analysis of CHOP, BIP, and p-eif2« in cell lysates of 3T3-L1 adipocytes after mock or Cpn infection
at 4, 6,and 24 h. A 6-h incubation with thapsigargin (1 um) served as the positive control for ER stress. B-Actin served as the standard. C, flow cytometry (left
panel) and quantification (right panel) of MitoSOX-stained 3T3-L1 adipocytes at 24 h after Cpn infection in the presence or absence of azoramide (30 um). D-G,
glycerol (D and F) and FABP4 (E and G) levels in cultured medium of 3T3-L1 adipocytes at 24 h after Cpn infection at a MOI of 5 in the presence or absence of
increasing doses of azoramide (D and E) or in the presence of GSK2606414) (PERK inhibitor) or STF-083010 (IRE1« RNase-specific inhibitor) (Fand G). H, secretion
of FABP4 in cultured medium of 3T3-L1 adipocytes at 6 h after treatment with thapsigardin (TG, 1 um) and tunicamycin (TU, 5 ug/ml) was measured by ELISA.
LDH assay using the supernatant was performed. As positive control, the cells were lysed with 2% Triton X-100 containing culture medium (n = 3/group; Aand
C-H). *, p < 0.05; **, p < 0.01, two-way ANOVA (A); one-way ANOVA (C-H). The data are shown as the means = S.E. and are representative of at least three
experiments.

quent elevation of mitochondrial ROS play an important role
not only on FABP4 secretion but also on the bacterial
proliferation.

Discussion

Here we clearly showed the effect of infectivity of C. pneu-
moniae on FABP4 secretion. Our data suggest that bacterially

2718 J Biol. Chem. (2020) 295(9) 2713-2723

induced ER stress/UPR, lipolysis, FABP4 secretion, and intra-
cellular growth of C. pneumoniae are functionally related. We
demonstrated that C. pneumoniae infection—induced ER
stress/UPR in adipocytes causes the elevation of mitochondrial
ROS and cytoplasmic calcium levels, followed by HSL-medi-
ated lipolysis and FABP4 secretion. Treatment with an ER
chemical chaperone, gene silencing of CHOP, and mitochon-
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of 3T3-L1 siControl, siCHOP, or siPERK adipocytes at 24 h after Cpn infection at
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Figure 7. C. pneumoniae usurps infection-induced ER stress/UPR and
subsequent elevation of mitochondrial ROS for its replication. A-D, the
number of infectious EB progeny of 3T3-L1 adipocytes at 24 h after Cpn infec-
tionata MOl of 5in the presence or absence of MitoTEMPO (A, 100 um), MitoQ
(B, 1 or 5 um), azoramide (C, 20 um to 50 um), GSK2606414 (D, PERK inhibitor,
2 uM), or STF-083010 (IRE1a RNase-specific inhibitor, 50 um) was determined
using an IFU assay. E, at 48 h after transfection (siCHOP, siPERK, or siControl),
3T3-L1 adipocytes were infected with Cpn MOI 5 for 24 h, and infectious EB
progeny was determined using an IFU assay (n = 3/group). *, p < 0.05; **, p <
0.01, Student'’s t test (A); one-way ANOVA (B-E). The data are shown as the
means * S.E. and are representative of at least three experiments.

drial ROS scavenging by MitoTEMPO inhibited the HSL medi-
ated lipolysis and FABP4 secretion and reduced the intracellu-
lar replication of C. pneumoniae in adipocytes. These findings
are depicted in Fig. 8, which represents a model based upon the
current study and our previous report showing that C. pneu-
moniae grows intracellularly exploiting lipolysis and FABP4
(20). The current study highlights the previously unrecognized
mechanism of FABP4 secretion induced by C. pneumoniae
infection in adipocytes, although the precise molecular mech-
anisms underlying how C. pneumoniae infection induces
FABP4 secretion largely remain to be resolved.
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Figure 8. The possible model of FABP4 secretion in C. pneumoniae-in-
fected adipocytes. C.pneumoniae infection-induced ER stress/UPR in
murine adipocytes causes the elevation of mitochondrial ROS and cytoplas-
mic calcium levels, followed by HSL-mediated lipolysis and FABP4 secretion.
The right part of this illustration (italics) is based on our previous report (20).
CPT-1, carnitine palmitoyltransferase 1; FFA, free fatty acid.

Because FABP4 lacks a signal peptide, it has been considered
that FABP4 secretion occurs via a unconventional secretion
pathway (2). FABP4 secretion is stimulated by an increase in
intracellular calcium (3, 4), and it has been suggested that mul-
tivesicular bodies and exosomes contribute to FABP4 secretion
(5). More recently, Villeneuve et al. (35) reported that FABP4
secretion in adipocytes upon lipolysis stimulation involves
endosomes and secretory lysosomes, which are promoted by an
increase in intracellular calcium. They demonstrated that an
increase in FABP4 secretion in plasma is inhibited by chloro-
quine treatment of mice (35). In this study, we showed that
C. pneumoniae infection—-induced FABP4 secretion is also de-
pendent on cytoplasmic Ca>* elevation. Further studies will be
needed to determine whether endosomes and secretory lyso-
some are involved in C. pneumoniae infection—induced FABP4
secretion in adipocytes.

One can raise a question such as the possibility of FABP4
release by other pathogens. In this study we found that Listeria
monocytogenes or Staphylococcus aureus did not augment the
secretion of FABP4 from murine adipocytes (Fig. S4). Recently
adipocytes were acknowledged as prime targets of a number of
intracellular parasites, such as Mycobacterium tuberculosis
(36), Rickettsia prowazekii (37), and Trypanosoma cruzi (38).
Therefore, further study is required to address this possibility
and its significance.

Suzuki et al. (39) recently reported the importance of an ER
stress protein, CHOP, in determining adipose tissue macro-
phage polarity (M1 versus M2 macrophages) and systemic insu-
lin sensitivity. The ER stress protein CHOP mediates insulin
resistance by modulating adipose tissue macrophage polarity
(39). This molecular mechanism may link adipose ER stress
with systemic insulin resistance. In this study we demonstrated
that C. pneumoniae infection induces ER stress/UPR followed
by lipolysis and FABP4 secretion. Increase of CHOP protein
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expression after C. pneumoniae infection in adipocytes (Fig.
5B) and FABP4 secretion provides the clue for the causal rela-
tionship between C. pneumoniae infection and metabolic
syndrome.

We previously reported the infectivity of adipocytes by
C. pneumoniae and the subsequent lipolysis to facilitate bacte-
rial growth (20). Here we extended the previous study and
found that C. pneumoniae infection—induced ER stress/UPR
and mitochondrial ROS are the central mechanisms promoting
lipolysis and FAPB4 secretion. Considering the important
pathogenic role of secreted FABP4 in obesity-induced type 2
diabetes and atherosclerosis (9), C. pneumoniae infection—
induced FABP4 secretion may have an important in vivo rele-
vance. Interestingly, infection-induced FABP4 secretion was
not obvious after infection with C. muridarum (the mouse
pneumonitis strain of Chlamydia trachomatis), which does not
show the atherogenic effect in mice (40) (data not shown). The
association of C. pneumoniae infection with cardiovascular dis-
ease has been extensively studied (12, 15, 16); however, whether
C. pneumoniae has a causal role in metabolic syndrome
remains undetermined (18, 19, 41). Therefore, our current
results warrant the examination of the hypothesis that
FABP4 released from C. pneumoniae—infected adipocytes
might play a role in C. pneumoniae-induced metabolic pathol-
ogies, such as glucose intolerance, hepatic steatosis, or athero-
sclerotic pathogenic changes. In summary, the present study
demonstrates that C. pneumoniae infection—induced ER
stress/UPR causes robust secretion of FABP4 from adipocytes
and sheds new light on the etiological link between C. pneu-
moniae infection and metabolic syndrome.

Experimental procedures
Reagents and antibodies

Reagents were obtained from the following sources: forskolin
(F6886, Sigma—Aldrich), polyoxyethylene octylphenyl ether/
Triton X-100 (168-11805, Wako), CAY10499 (10007875, Cay-
man), atglistatin (M60150-2s, Xcess Biosciences), JZL184
(54904, Selleckchem), KH7 (13243, Cayman), H89 (10010556,
Cayman), MitoTEMPO (ALX-430-150-M005, Enzo Life Sci-
ences), BAPTA-AM (BML-CA411-0025, Enzo Life Sciences),
BAPTA (2786, Tocris Bioscience), azoramide (HY-18705,
MedChem Express), GSK2606414 (516535, Calbiochem), STE-
083010 (SML0409, Sigma-Aldrich), thapsigargin (T9033,
Sigma), and tunicamycin (T8153, LKT Laboratories). The fol-
lowing antibodies were used: polyclonal goat anti-FABP4
(AF1443, R&D Systems), monoclonal mouse anti-B-actin (SC-
47778, Santa Cruz Biotechnology), polyclonal rabbit anti—
phospho-HSL (Ser-660) (4126, Cell Signaling Technology),
polyclonal rabbit anti-HSL (4107, Cell Signaling Technology),
monoclonal mouse anti-CHOP (L63F7) (2895, Cell Signaling
Technology), polyclonal rabbit anti-BiP (C50B12) (3177, Cell
Signaling Technology), polyclonal rabbit and anti—phospho-
elF2a (Ser-51) (9721, Cell Signaling Technology).

Microbes

C. pneumoniae (strain AR39, ATCC53592) was obtained
from the ATCC and propagated as previously described (42).
Chlamydial EBs were purified using Urografin (Bayer) density
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gradient centrifugation, resuspended in sucrose—phosphate—
glutamate (SPG) buffer, and stored at —80 °C. All Chlamydia
stocks were confirmed as negative for Mycoplasma contamina-
tion using a MycoAlert Mycoplasma detection kit (Lonza).
S. aureus (NCTC 10442) was obtained from the NCTC (The
National Collection of Type Cultures of Public Health Eng-
land). S. aureus was propagated in brain—heart infusion (BHI)
and stocked in 30% glycerol containing BHI at —80 °C. L. mono-
cytogenes (VTU206) was obtained from Japanese Society for
Bacteriology. L. monocytogenes was grown in BHI and stocked
in 30% glycerol containing BHI at —80 °C.

3T3-L1 adipocyte differentiation

3T3-L1 preadipocytes (ATCC CL-173) or stable shRNA
knockdown (control EGFP, HSL) were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% fetal
calf serum (FCS) and streptomycin (100 pg/ml). For differenti-
ation, the cells were seeded in 24-well plates (2 X 10° cells/well)
and allowed to reach confluence for 2 days (day —2). On day 0,
adipocyte differentiation was induced by adding 2.5 um dexa-
methasone, 0.5 mMm 3-isobutyl-1-methylexanthine, and 10
pg/ml insulin. On day 2 and thereafter, the medium was
replaced with DMEM with 10% FCS containing only 10 ug/ml
insulin. Differentiated adipocytes were infected with C. pneu-
moniae after an additional 2—4 days.

In vitro infection of adipocytes with C. pneumoniae

Cultured adipocytes were infected at days 4 — 6 of differenti-
ation. The cells were infected with C. pneumoniae at a multi-
plicity of infection (MOI) of 5 IFU/cell or mock-infected with
SPG buffer. To initiate infection, C. pneumoniae was added to
plates at a MOI of 5, and the plates were centrifuged at 900 X g
and 25 °C for 1 h. Next, the inoculum was removed, and the cells
were cultured in DMEM containing 10% FCS and streptomycin
(100 pg/ml). Inhibitors were added 60 min after inoculation
with C. pneumoniae.

IFU assay

All Chlamydia-infected cells were collected, frozen, thawed,
serially diluted 10-fold in SPG medium, and reseeded into
24-well plates containing a HeL.a-cell monolayer (2 X 10° cells/
well). After centrifugation at 900 X g and 25 °C for 1 h, the
inoculum was removed, and the cells were cultured in DMEM
containing 10% FCS and 1 pg/ml cycloheximide. After 24 —48
h, the cells were fixed with ice-cold methanol for 10 min and
incubated with a FITC-conjugated anti-Chlamydia LPS-spe-
cific mAb (FR97457, PROGEN). After being washed in PBS, the
slides were mounted with coverslips, and the cells were imaged
and quantified with an Axioskop fluorescence microscope
(Zeiss).

In vitro treatment of adipocytes with heat-killed S. aureus

Cultured adipocytes were treated at days 8 —10 of differenti-
ation. S. aureus were killed at 80 °C for 30 min, and the cells
were treated with heat-killed S. aureus at a MOI of 5.
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Table 1
Quantitative PCR primers used in this study
Gene Forward primer Reverse primer
Fabp4 TTTGGTCACCATCCGGTCAG TGTCGTCTGCGGTGATTTCA
Chop CACATCCCAAAGCCCTCGCTCTC TCATGCTTGGTGCAGGCTGACCAT
Bip CTGGGTACATTTGATCTGACTGG GCATCCTGGTGGCTTTCCAGCCATTC
Atfd GGGTTCTGTCTTCCACTCCA AAGCAGCAGAGTCAGGCTTTC
sXbpl CTGAGTCCGAATCAGGTGCAG GTCCATGGGAAGATGTTCTGG
Gus ATGACGAACCAGTCACC CCTCCAGTATCTCTCTCGCAAA

In vitro infection of adipocytes with L. monocytogenes

Cultured adipocytes were infected at day 8 —10 of differenti-
ation. The cells were infected with L. monocytogenes at a MOI
of 10 for 30 min and replaced with fresh culture medium.

Generation of 3T3-L1 preadipocyte cell lines stably expressing
shRNAs

Retroviruses encoding shRNAs targeting EGFP mRNA were
generated as previously described (43). Lentiviruses expressing
shRNAs targeting HSL (sc-77404-V) were obtained from Santa
Cruz Biotechnology. To generate 3T3-L1 cells constitutively
expressing shRNAs targeting EGFP or HSL mRNA, 3T3-L1
cells were infected with the respective SARNA-expressing ret-
rovirus/lentivirus in the presence of Polybrene (8 ug/ml) at
37 °C overnight. The cells were washed with PBS and cultured
for 48 h in complete DMEM in the presence of Polybrene. The
cells were cultured for 2—3 weeks in complete DMEM contain-
ing puromycin (4 ug/ml) to kill untransduced cells.

Density-based separation followed by replating of enriched
adipocytes in monolayer (DREAM)

On days 6 -7, the differentiated 3T3-L1 cells were replated as
previously described (44). The cells were washed once with PBS
and treated with 0.05% trypsin EDTA in PBS at 37 °C for 5 min
until most cells were detached from the culture dish. The
detached cells were centrifuged at 400 X g for 5 min and resus-
pended in the medium mixed with 1:1 ratio of DMEM contain-
ing 10% FCS and Histopaque-1077 (Sigma—Aldrich). Next, the
cell suspension was filtered through a 100-um cell strainer (BD
Falcon) and then centrifuged at 400 X g for 10 min. Floating
cells containing the differentiated adipocytes were collected
into a new tube, washed once with DMEM containing 10% FCS,
and then replated onto 24-well plates (5 X 10* cells/well) for
transfection.

Transfection of the differentiated 3T3-L1 cells with siRNA

Mouse Ddit3/Chop siRNA (4390771, siRNA ID: s64889,
Ambion) or mouse Eif2ak3/Perk siRNA (4390771, siRNA ID:
$65405, Ambion) was used for transient knockdown of Ddit3/
Chop or Eif2ak3/Perk, respectively. 3T3-L1 adipocytes were
replated in 24-well plates and transfected with siRNA for
mouse Ddit3/Chop, Eif2ak3/Perk, or siRNA universal negative
control (SIC001, Sigma-—Aldrich) using Lipofectamine
RNAiIMAX reagent (13778-075, Invitrogen) according to the
manufacturer’s instructions.

ELISA

Cell culture supernatants and plasma were measured for
mouse FABP4 with an adipocyte FABP mouse ELISA (Bioven-
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dor) or Circulex mouse FABP4/A-FABP ELISA kit according to
the manufacturer’s instructions. ELISA plates were read using a
model 680 microplate reader (Bio-Rad).

Cytotoxicity assay

LDH released from dead cells was measured usinga CytoTox
96 nonradioactive cytotoxic assay kit (Promega).

Glycerol assay

Glycerol levels in the cultured supernatants were measured
using a glycerol cell-based assay kit (Cayman Chemical Com-
pany) according to the manufacturer’s instructions.

Quantitative real-time PCR

Total RNA was isolated from cultured cells using ISOGEN II
(Nippon Gene). cDNA synthesis was performed using a Prime-
Script™ RT reagent kit with gDNA Eraser (Perfect Real Time)
(TaKaRaBio) and 1 ug of total RNA as a template. Relative gene
expression levels were determined in 96-well plates using the
SYBR Premix Dimer Eraser (Perfect Real Time) (TaKaRa Bio)
with an Applied Biosystems 7500 Real-Time PCR system
(Applied Biosystems). All primer sequences used in the present
study are listed in Table 1. The specific thermal cycling param-
eters were as follows: 30 s at 95 °C, 40 cycles of denaturation at
95 °C for 5 s, annealing at 55 °C for 30 s, and extension at 72 °C
for 34 s.

Immunoblot analysis

The cells were washed once in ice-cold PBS, lysed in radio-
immune precipitation assay buffer (50 mm Tris, pH 7.4, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mm
NaCl, 2 mm EDTA, and 50 mm NaF) with a protease inhibitor
mixture (Nacalai Tesque) and PhosSTOP phosphatase inhibi-
tor mixture (Roche) and then briefly sonicated. Protein concen-
tration was determined with a BCA protein assay kit (Thermo
Fisher Scientific), and equal amounts of proteins were loaded
onto SDS-polyacrylamide gels. The proteins were transferred
to membranes using a Trans Blot SD Semi-Dry Transfer Cell
(Bio-Rad) following the manufacturer’s instructions. The
membranes were blocked in Blocking One (Nacalai Tesque) for
30 min. The membranes were incubated with primary antibody
diluted in Can Get Signal solution 1 (TOYOBO) overnight at
4°C and then with horseradish peroxidase—conjugated sec-
ondary antibodies to rabbit/mouse IgGs (GE Healthcare) or
goat IgG (SeraCare) diluted in Can Get Signal solution 2
(TOYOBO) for 1 h at room temperature. Immunoreactive
bands were detected by ECL blotting reagents (GE Healthcare,
RPN2109) or EzWestLumi plus (ATTO). The densitometric
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analysis was performed using the Image Studio Lite software
(Licor).

Mitochondrial ROS production assay

Mitochondrial ROS levels were measured using MitoSOX
(M36008, Molecular Probes) staining. 3T3-L1 adipocytes after
mock or C. pneumoniae infection were incubated with a mito-
chondrial-superoxide-specific stain MitoSOX (5 um) for 15
min at 37 °C. 3T3-L1 adipocytes were washed once with PBS,
treated with 0.05% trypsin EDTA, and resuspended in PBS.
Flow cytometry was performed using a BD FACS Canto II (BD
Bioscience), and the data were analyzed using the FlowJo
software.

Intracellular Ca®* assay

Intracellular Ca®>" levels were measured using Fluo-4 AM
(F311, Dojindo Laboratories) staining. 3T3-L1 adipocytes after
mock or C. pneumoniae infection were incubated with Fluo-4
AM (1 pum) for 45 min at 37 °C. 3T3-L1 adipocytes were washed
once with PBS, treated with 0.05% trypsin EDTA, and resus-
pended in PBS. Fluo-4 AM fluorescence analysis was completed
using a Tristar LB 941 (Berthold Technologies).

Statistics

The results are expressed as the means = S.E. The statistical
significance of the differences between various treatments was
measured by either a two-tailed Student’s ¢ test for comparison
of two groups or a one-way or two-way ANOVA with Dunnett’s
multiple comparisons for comparison of multiple groups. The
data analyses were performed using the GraphPad Prism soft-
ware version 6.0. All p < 0.05 were considered statistically
significant.
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