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Metformin Mediates Protection against Legionella Pneumonia
through Activation of AMPK and Mitochondrial Reactive
Oxygen Species

Chiaki Kajiwara,* Yu Kusaka," Soichiro Kimura,* Tetsuo Yamaguchi,*
Yuta Nanjo,”"i Yoshikazu Ishii,* Heiichiro Udono,§ Theodore J. Standiford,” and
Kazuhiro Tateda*

In Legionella pneumophila infection, macrophages play a critical role in the host defense response. Metformin, an oral drug for
type 2 diabetes, is attracting attention as a new supportive therapy against a variety of diseases, such as cancer and infectious
diseases. The novel mechanisms for metformin actions include modulation of the effector functions of macrophages and other host
immune cells. In this study, we have examined the effects of metformin on L. pneumophila infection in vitro and in vivo. Metformin
treatment suppressed growth of L. pneumophila in a time- and concentration-dependent fashion in bone marrow—derived mac-
rophages, RAW cells (mouse), and U937 cells (human). Metformin induced phosphorylation of AMP-activated protein kinase
(AMPK) in L. pneumophila—infected bone marrow-derived macrophages, and the AMPK inhibitor Compound C negated
metformin-mediated growth suppression. Also, metformin induced mitochondrial reactive oxygen species but not phagosomal
NADPH oxidase—derived reactive oxygen species. Metformin-mediated growth suppression was mitigated in the presence of the
reactive oxygen species scavenger glutathione. In a murine L. pneumophila pneumonia model, metformin treatment improved
survival of mice, which was associated with a significant reduction in bacterial number in the lung. Similar to in vitro observa-
tions, induction of AMPK phosphorylation and mitochondrial ROS was demonstrated in the infected lungs of mice treated with
metformin. Finally, glutathione treatment abolished metformin effects on lung bacterial clearance. Collectively, these data suggest
that metformin promotes mitochondrial ROS production and AMPK signaling and enhances the bactericidal activity of macro-

phages, which may contribute to improved survival in L. pneumophila pneumonia. The Journal of Immunology, 2018, 200: 000-000.

egionella is a Gram-negative pathogen that is widely
distributed in nature, especially in water-associated envi-
ronments. This organism primarily causes two types of
infection: atypical pneumonia, referred to as Legionellosis, and an
acute nonfatal respiratory disease known as “Pontiac fever.” The
prevention of Legionella pneumonia is important, because mortality
is high, even in cases treated with appropriate antibiotics (1, 2).
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The majority of Legionella infections are caused by L. pneumophila
(1, 2), and the most important pathogenic property of this organism
is believed to be resistance to intracellular killing and proliferation
within phagocytic cells, especially macrophages and monocytes (3-5).
A/J mice, but not C57BL/6, BALB/c, and C3H/He] mice, are
susceptible to L. pneumophila, and intrapulmonary challenge with
L. pneumophila in A/] mice results in pneumonia mimicking
human disease (6-9).

Metformin (dimethylbiguanide) is a drug used to treat type 2
diabetes that is derived from extracts of Galega officinalis, a legu-
minous plant (10). Although an antitumor effect of metformin was
suggested dating back to the 1970s, Evans et al. (11) reported for
the first time, in an epidemiological study, that the risk for cancer
development was lower in diabetic patients treated with metformin.
Since then, accumulating evidence has demonstrated antitumor
effects of metformin in specific cancers of animals and humans
(12-14). Mechanisms of antitumor activity of metformin have pri-
marily been attributed to gluconeogenesis inhibition, reduction in
insulin concentrations, or suppression of mTORCI via activation of
the AMP-activated protein kinase (AMPK) pathway (15-18).
Recently, it was reported that metformin inhibits inflammatory re-
sponses in murine macrophages, in part through AMPK activation
and RAGE/NFkB pathway suppression (19). These data suggested
that metformin may act on cancer cells, as well as on several host
inflammatory and immune cells. In addition, epidemiological re-
search in Mycobacterium tuberculosis patients has found that the
metformin-treated group had a better survival rate than the group
not treated with metformin, and metformin’s effect was correlated
with an increase in specific T cell immune responses against
M. tuberculosis (20). Studies using a lymphocytic choriomeningitis
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virus infection mouse model showed that pretreatment with met-
formin significantly enhanced CD1d-mediated NKT cell activation
(21). These observations suggested an expanding potential therapeutic
role for metformin, including not only diabetes, but also cancer,
infectious diseases, and other inflammatory disease states.

Previous studies have demonstrated that reactive oxygen species
(ROS) are essential components of innate immune responses
against intracellular bacteria in macrophages. ROS are produced by
catalyst of NADPH oxidase machinery (cellular ROS [cROS]) (22).
Moreover, mitochondrial ROS (mROS) also contribute to mouse
macrophage bacterial activity via TLRs (TLR1, TLR2, and TLR4)
(23). Interestingly, it has been shown that L. pneumophila infec-
tion suppressed production of NADPH cROS in U937 cells during
the course of infection (24).

In the current study, we examined the immunomodulatory roles
of metformin in L. pneumophila infection in vitro and in vivo. Our
data demonstrate that metformin reduces intracellular growth of
bacteria, in part through activation of mROS in an AMPK-
associated manner, which likely contributes to the metformin-
induced survival benefit in L. pneumophila pneumonia.

Materials and Methods

Animals

Specific pathogen—free female A/J mice were purchased from Sankyo
Labo Service (Tokyo, Japan). Mice were maintained under specific
pathogen—free conditions within the animal care facility in the Labora-
tory Animal Research Center of Toho University School of Medicine
until 9-12 wk of age. Animal and pathogen protocols were approved by
the Institutional Care and Use Committee (approval numbers 15-54-220,
15-54-58).

L. pneumophila inoculation and determination of bacterial
number

Clinical isolates of L. pneumophila Suzuki (serogroup 1) strain stocked at
Toho University Hospital (25) were used for the pneumonia model, as
previously reported (26). Animals were anesthetized i.m. with ketamine
(50 mg/kg of body weight) and xylazine (10 mg/kg). Tracheas were
exposed, and 30 wl of bacterial suspension was administered via a sterile
26-gauge needle. Skin incisions were closed with surgical staples. To
quantitate bacterial number, at the indicated time points the lungs were
removed and homogenized with a homogenizer (IKA Japan K.K., Osaka,
Japan) in 1 ml of saline. Portions of homogenates (10 pl) were
inoculated onto buffered charcoal-yeast extract agar supplemented with
a-ketoglutaric acid (BCYEw) after serial 1:10 dilution in saline. Agar
plates were incubated at 35°C for 3—4 d, and the numbers of colonies were
counted visually.

Bone marrow—derived macrophage and cell preparation

Bone marrow was harvested from A/J mice to isolate bone marrow—derived
macrophages (BMDMs). The bone marrow cells were cultured in complete
RPMI 1640 medium (10% FBS, 1 mM sodium pyruvate, 0.1 mM nones-
sential amino acids, penicillin-streptomycin, 2-ME) supplemented with L
cell-conditioned medium and 2 ng/ml mouse rM-CSF (R&D Systems,
Minneapolis, MN), as described previously (27, 28). BMDMs were used in
experiments on day 5 of culture. The RAW 264.7 mouse macrophage cell
line and U937 human monocytic cell line were originally obtained from
the American Type Culture Collection. These cell lines were maintained in
complete RPMI 1640 medium at 37°C in 5% CO,. To promote a
macrophage-like phenotype, U937 cells were differentiated in 10 ng/ml
PMA for 24 h.

In vitro L. pneumophila infection

On day 4 of BMDM preparation, the cells were lifted by Trypsin-EDTA
(Life Technologies) and seeded at 1 X 10° cells per well in 96-well tis-
sue culture plates (BD Falcon) overnight. BMDMs were infected at a
multiplicity of infection (MOI) of 0.1 and incubated for 1 h after attach-
ment by centrifugation. At the end of the infection period, non-
phagocytosed and nonadherent bacteria were removed by washing three
times with fresh medium. L. pneumophila—infected BMDMs were treated
with various concentrations of metformin (Wako Pure Chemical) and
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subsequently incubated at 37°C in 5% CO,. At the indicated time points,
culture supernatants were collected, and the infected macrophages were
lysed for counting of viable bacterial number, as previously described
(29). We have combined bacterial counts from macrophage lysates
and supernatants to determine total intracellular bacteria, because
L. pneumophila Suzuki do not proliferate outside of macrophages; thus,
the supernatant bacteria could only come from dying macrophages. In
some experiments, ROS scavengers were used: 10 mM L-glutathione
reduced (GSH) or AMPK inhibitor, 25 pM Compound C (CC; both
from Sigma-Aldrich). These scavengers were added to the cultures 30
min before metformin.

Measurement of ROS production

RAW 264.7 cells were seeded in glass-bottom dishes, coated with poly-L-
lysine (Matsunami), at 1 X 10° cells per dish and rested overnight. Cells
were infected with L. pneumophila, as described above, and then treated
with 2 mM metformin for 6 or 24 h. After washing, PBS with 5 uM
MitoSOX Red (to measure mROS) or PBS with 5 uM CM-H,DCFDA (to
measure cROS) (Molecular Probes) was added to the cells. Cells were
incubated at 37°C in 5% CO, for 15 min and washed with PBS. Fluo-
rescence intensities of ROS were analyzed using a Carl Zeiss confocal
microscope (LSM 710 system). Three fields of view were examined for
each sample, and the fluorescence intensity was adjusted by the number of
cells.

Western blotting

Lungs were homogenized in 1 ml of lysis buffer (50 mM Tris-HCI, 150 mM
NaCl, 0.1% Triton X-100) containing a complete protease inhibitor mixture
tablet (Roche). The homogenates were incubated for 30 min on ice and then
centrifuged at 12,000 X g for 20 min. Supernatants were collected and
mixed with 4X sample buffer (4% SDS, 4% 2-ME, 20% glycerol, and
125 mM Tris-HCI). BMDMs were lysed with 4X sample buffer. The
proteins were subjected to electrophoresis on a 15% SDS-polyacrylamide
gel (Wako Pure Chemical), transferred to a polyvinylidene difluoride
membrane, and blocked by 3% skim milk dissolved in TBS buffer (10 mM
Tris-HCI [pH 7.5], 135 mM NaCl) with 0.05% Tween 20. The membrane
was blotted with rabbit anti-AMPK«, phospho-AMPKa (Thr'"™), and
phospho—-acetyl-CoA carboxylase (ACC; Thr’®; all from Cell Signaling
Technology) Abs. Anti-GAPDH (Cell Signaling Technology) was used as
an internal control. HRP-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch) was used as secondary Ab, and detection was conducted
using a chemiluminescent reaction (Amersham Imager 600; GE Health-
care). The intensity of each band was normalized to the loading control
GAPDH and analyzed with ImageJ software.

Isolation of lung cells and flow cytometric analysis

The excised lung tissue, separated from the associated lymph nodes, was
minced and incubated at 37°C in 5% CO, for 50 min in RPMI 1640
medium containing 2% FBS, 0.5 mg/ml collagenase D (Roche), and 150
ng/ml DNase (Roche). Single-cell suspensions were prepared by passing
through a 70-pm cell strainer (BD Falcon). Detection of mROS in live
cells was performed using a CellROX Green Flow Cytometry Assay Kit
(Molecular Probes), according to the manufacturer’s instructions. Cells
were incubated with Abs for 10 min in PBS containing 0.5% BSA and
2 mM EDTA (FACS buffer). PE anti-mouse Ly6G (1A8), PE-Cy7 anti-
mouse F4/80 (BMS), and allophycocyanin anti-mouse CD11b (M1/70; all
from BioLegend) were used to identify phagocytic cells. Cells were
washed, fixed with 4% paraformaldehyde, detected with a FACSCanto 11
flow cytometer (BD Biosciences), and analyzed with FlowJo software
(TreeStar).

RNA isolation and gene expression analysis

Total RNA was isolated from mouse lungs or cells using TRIzol Reagent
(Invitrogen), according to the manufacturer’s instructions. For quantitative
real-time PCR (gRT-PCR) analysis, 1 pg of total RNA was reverse tran-
scribed using a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Data analysis, using the SYBR Green real-
time RT-PCR technique, was performed on an ABI Prism 7000 sequence
detector system (Applied Biosystems). We used the following PCR primers:
IFN-vy, 5'-GAACTGGCAAAAGGATGGTGA-3" (forward) and 5'-TGTG-
GGTTGTTGACCTCAAAC-3" (reverse); IL-12p35, 5'-CACCCTTGCC-
CTCCTAAACC-3" (forward) and 5'-CACCTGGCAGGTCCAGAGA-3’
(reverse); TNF-a, 5'-GCCTCCCTCTCATCAGTTCT-3" (forward) and
5'-CACTTGGTGGTTTGCTACGA-3' (reverse); and B-actin, 5'-AGAG-
GGAAATCGTGCGTGAC-3" (forward) and 5'-CAATAGTGATGACCT-
GGCCGT-3' (reverse). Relative fold changes in transcript levels were
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calculated using the 27AACT method (where CT is threshold cycle) (30),
using the housekeeping gene [-actin as a reference standard for the amount
loaded and the quality of the cDNA.

PCR array analysis

Total RNAs were isolated from L. pneumophila—infected cells (n = 3)
in the presence or absence of metformin at 24 h, and PCR array analysis
was performed (RT? Profiler PCR Array Mouse AMPK Signaling;
catalog number PAMM-175Z; QIAGEN), according to the manufacturer’s
protocols.

ELISA

Cytokines in the culture supernatant were measured with IFN-y, TNF-«,
and IL-12p70 mouse ELISA kits (R&D Systems), according to the man-
ufacturer’s protocols.

Statistical analysis

All results are expressed as mean * SD. Statistical analyses were per-
formed using GraphPad Prism 6 software (GraphPad, La Jolla, CA). The
Student 7 test was used for comparisons between two groups. ANOVA,
followed by the Tukey multiple-comparison test, was performed for
comparisons between more than two groups. Survival curves were con-
structed using the Kaplan—-Meier method and were analyzed by the log-
rank (Mantel-Cox) test. A p value < 0.05 was considered statistically
significant.

A B

Il Control [ MET({2mM)

Results
Metformin suppresses intracellular growth of L. pneumophila
in macrophages

To assess the effects of metformin on host immune responses,
we first examined whether metformin altered the ability of
macrophages to inhibit the growth of L. pneumophila in vitro.
BMDMs were prepared from A/J] mice and infected with
L. pneumophila (MOI 0.1). After 1 h of incubation, the cells
were washed with culture medium to remove extracellular
bacteria. The cells were cultured or not with metformin, and
bacterial numbers were enumerated at the indicated time
points. As shown in Fig. 1A, a time-dependent increase in
bacterial number was observed in the control group during the
48-h incubation period. In contrast, a significant inhibition of
intracellular bacterial number was observed in metformin-
treated BMDMs from 12 to 48 h postinfection. Next, we ex-
amined the concentration-dependent effects of metformin on
BMDMs and RAW cells (Fig. 1B, 1C). Significant suppression
of L. pneumophila growth in BMDMs and RAW cells was
observed at a metformin concentration of 2.5 mM. In U937
cells (a human macrophage cell line), the effect of metformin
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FIGURE 1. Effects of metformin on L. pneumophila infection in macrophages. (A) BMDMs infected with L. pneumophila for 1 h at an MOI of 0.1 were
washed and then treated or not with metformin. After 6-48 h, BMDMs were collected, and CFU were enumerated at the indicated time points. (B) BMDMs
infected with L. pneumophila were treated with different doses of metformin. After 24 h, BMDMs were collected, and CFU were enumerated. (C) RAW
264.7 cells were infected, and CFU were enumerated, as in (B). (D) U937 cells were infected, and CFU were enumerated as in (B). (E) qRT-PCR for IFN-y,
TNF-a, IL-12p35 associated with or without 2 mM metformin treatment in BMDMs at 24 h postinfection. (F) IFN-y and TNF-a released by infected
BMDMs was assessed by ELISA. Bars indicate mean = SD, in triplicates. The dashed line indicates the detection limit. The results were confirmed by three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student ¢ test (A), one-way ANOVA followed by the Tukey multiple-
comparison test (B—F). Control, no infection; Lp, L. pneumophila infection; Lp + MET, L. pneumophila infection + metformin treatment; MET, metformin

treatment; N.D, not detected.
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was somewhat less than that observed in mouse cell lines, but
the growth of the bacteria was significantly inhibited at met-
formin concentrations = 5 mM.

IFN-v, IL-12p35, and TNF-a expression was examined by
qRT-PCR in BMDMs infected with L. pneumophila, with or
without metformin, for 24 h. L. pneumophila infection strongly
induced these cytokines, whereas significant suppression of
these factors was observed in the presence of metformin, co-
incident with a decrease in the number of bacteria (Fig. 1E). In
addition, when the protein expression level was measured by
ELISA, IL-12 was below the detection limit, whereas the levels
of IFN-y and TNF-a were reduced at the protein level
(Fig. 1F).

Because cell death is one mechanism by which host cells
suppress intracellular proliferation of L. pneumophila (31-33),
we calculated cell numbers at 6 and 24 h postinfection
(Supplemental Fig. 1A, 1B). We did not observe any change in
macrophage number among the Legionella, Legionella + met-
formin, metformin, and control groups. At 48 h, we observed
damaged cells among L. pneumophila—infected cells, whereas
metformin-treated infected cells showed no evidence of cyto-
toxicity (Supplemental Fig. 1C). We also examined effects
on cell apoptosis (Supplemental Fig. 1D). Incubation with
L. pneumophila induced apoptosis in macrophages. Metfor-
min treatment resulted in a modest reduction in apoptosis, al-
though the difference was not statistically significant. The effects
observed were not due to the direct antibacterial effects of met-
formin, because 2 mM metformin did not alter the growth of
L. pneumophila (Supplemental Fig. 2A, 2B).
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Metformin enhances phosphorylation of AMPK in L.
pneumophila—infected macrophages

Because previous reports demonstrated that metformin activates
AMPK signaling (34), we next examined the effects of metformin
on phosphorylation of AMPK in L. pneumophila—infected macro-
phages. BMDMs were infected with L. pneumophila, and total cell
lysates were prepared at 6 and 24 h for Western blot analysis. In
L. pneumophila—infected BMDMs, suppression of AMPK phos-
phorylation was observed at both time points compared with non-
infected control cells. In contrast, addition of metformin induced
phosphorylation of AMPK at both time points in L. pneumophila—
infected BMDMs (Fig. 2A). The induction of AMPK phosphory-
lation was detected in metformin-treated groups, most prominently
at the 24-h time point. Also, after 24 h, metformin increased the
phosphorylation of AMPK and its downstream target ACC in a
concentration-dependent manner (Fig. 2B). There was no change in
the phosphorylation of the upstream target liver kinase B1 (data not
shown). We next examined the effects of metformin on AMPK-
related signaling molecules in a PCR array. Total RNA was iso-
lated from L. pneumophila—infected cells (n = 3) in the presence or
absence of metformin at 24 h, and a PCR array analysis (RT*
Profiler PCR Array Mouse AMPK Signaling; catalog number
PAMM-175Z; QIAGEN) was performed. Although the expression
levels of AMPK subunits and ACC increased, the expression level
of liver kinase B1 did not change, similar to the observed changes in
protein expression (Supplemental Fig. 3).

We also examined whether metformin’s effects on
AMPK phosphorylation were associated with a reduction in
L. pneumophila number in BMDMs. The effects of AMPK
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FIGURE 2. Effects of metformin on phosphorylation of AMPK and suppression of Legionella growth. (A) Western blot analysis was performed for
p-AMPK in total cell lysates of BMDMs at 6 or 24 h postinfection. GAPDH was used as a loading control. (B) The Western blot analysis was performed for
total cell lysates of BMDMs treated with different doses of metformin at 24 h postinfection. (C) Infected BMDMs were treated with metformin (2 mM) or
AICAR (1 mM). After 24 h, BMDMs were collected, and CFU were enumerated. (D) BMDMs were treated with 2 mM metformin, with or without CC (2.5
or 25 uM), for 24 h. Then cells were washed and infected with L. pneumophila. CFU were enumerated after 24 h of incubation. Bars indicate mean *+ SD,
in triplicates. Different samples were used for triplicates. The results were confirmed by three independent experiments. *p < 0.05, **p < 0.01, one-way

ANOVA followed by the Tukey multiple-comparisons test.
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activator (5-aminoimidazole-4-carboxamide-1-3-p-ribofuranoside;
AICAR) and AMPK inhibitor (CC) were examined in L. pneumophila—
infected BMDMs. As shown in Fig. 2C, a significant reduction in
bacterial number was observed in AICAR-treated cells, which was
similar to that of metformin. As expected, addition of AMPK
inhibitor CC reversed the growth suppression of L. pneumophila
by metformin in a concentration-dependent manner (Fig. 2D).
These results demonstrated an association between AMPK phos-
phorylation and growth suppression of L. pneumophila with
metformin treatment.

Metformin enhances the production of mROS

A variety of host defense systems are active against intracellular
pathogens, including apoptosis, autophagy, and NO and ROS
production in infected cells. In particular, ROS are essential
components of the innate antibacterial responses. There are at least
two forms of ROS: cROS and mROS. Metformin has been reported
to inhibit mitochondrial respiratory chain complex I, resulting in
activation of AMPK and increased production of mROS (35, 36).
Other studies demonstrated that exposure to HO, was associated
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with cysteine oxidation in the AMPKa subunits and was able to
directly activate AMPK (37). At the same time, AMPK activity
was reported to suppress NADPH oxidase activation (38).

The effects of metformin on mROS and cROS were examined in
L. pneumophila—infected macrophages. RAW cells were infected
with L. pneumophila for 1 h at an MOI of 0.1 and then washed to
remove extracellular bacteria. The infected cells were cultured for
6 or 24 h, with or without 2 mM metformin, and mROS and cROS
production was evaluated by staining with MitoSOX Red and CM-
H,DCFDA, respectively. As shown in Fig. 3A and 3B, metformin
treatment induced the production of mROS at 6 h in infected cells,
with a further increase observed at 24 h of incubation. A marked
induction of mROS was found in macrophages treated with met-
formin in the absence of L. pneumophila infection. In contrast,
metformin did not alter the induction of cROS in L. pneumophila—
infected or noninfected macrophages after 6 h of incubation
(Fig. 3C, 3D). Interestingly, a clear suppression of cROS was
exhibited in L. pneumophila—infected macrophages at 24 h of
incubation, an effect that was not influenced by metformin.
We next examined the effect of the ROS scavenger GSH on
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FIGURE 3. Effects of metformin on ROS and suppression of Legionella growth. (A) RAW 264.7 cells infected with L. pneumophila were incubated or
not for 24 h with 2 mM metformin. The cells were stained with MitoSOX Red for detection of mROS and analyzed using a confocal laser microscope. Scale
bar, 20 pm. (B) mROS in RAW 264.7 cells were examined at 6 or 24 h of infection. Mean fluorescence intensity (MFI) of MitoSOX Red-stained RAW
264.7 cells was calculated. (C) RAW 264.7 cells were infected with L. pneumophila, as in (A). The cells were stained with CM-H,DCFDA for detection
of cROS and analyzed using a confocal laser microscope. Scale bar, 20 wm. (D) cROS in RAW 264.7 cells were examined at 6 or 24 h of the infection. MFI
of CM-H,DCFDA-stained RAW 264.7 cells was calculated. (E) RAW 264.7 cells were treated with 2 mM metformin, with or without 10 mM GSH, for
24 h. Then cells were washed and infected with L. pneumophila. Bacterial numbers were enumerated after 24 h of incubation. Experiments in (A) and (C)
were conducted three times. Data in (E) were confirmed by three independent experiments. Bars indicate mean = SD, in triplicates. *p < 0.05, ***p < 0.001,
one-way ANOVA followed by the Tukey multiple-comparisons test. ns, not significant.
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metformin-induced bacterial growth suppression in BMDMs
(Fig. 3E). Incubation with GSH counteracted metformin-induced
growth suppression of L. pneumophila in BMDMs. These
data demonstrated that the induction of mROS, but not cROS,
may be a mechanism for metformin-induced growth inhibition of
L. pneumophila in macrophages.

Metformin effects in a murine model of L. pneumophila
pneumonia

To assess the effect of metformin in vivo, we used a clinically
relevant mouse model of L. pneumophila pneumonia. A/J mice
received 5 mg/ml metformin in the drinking water starting from 7 d
before to 16 d postinfection. On day 0, mice were intratracheally
inoculated with 1.5 X 10° CFU L. pneumophila. Significant im-
provement in survival was observed in the metformin-treated group
(Fig. 4A) compared with vehicle-treated control animals. When
metformin was started at the time of bacterial administration, an
improvement in mortality was not observed (data not shown). When
the amount of bacteria administered was reduced by a log 10, the
number of bacteria in the lungs peaked 2 d after the infection and
gradually decreased thereafter. There was no difference in lung
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bacterial burden at 3 d after the infection; however, by day 4, a
significant reduction in bacterial number was observed in
metformin-treated mice (Fig. 4B). In addition, significant metfor-
min effects on lung bacterial number were confirmed at days 3
and 4 when metformin treatment was completed on the day of
L. pneumophila administration (Fig. 4C). Cytokine expression, as
determined by qRT-PCR, was compared in the presence or absence
of metformin (Fig. 4D). Consistent with the bacterial counts, cy-
tokine mRNA expression in control mice increased at 2 d after the
infection and decreased by day 3. There were no differences on day
2, whereas significant reductions in the expression of all cytokines,
with the exception of IL-1P, were observed in the metformin group
on day 3 (Fig. 4D).

Metformin effects on AMPK phosphorylation in the lungs of
L. pneumophila—infected mice

We next investigated whether metformin induced the activation of
AMPK in the lungs of mice infected with L. pneumophila in vivo.
At 3 d of infection, lung tissue was removed and analyzed by
Western blotting. As shown in Fig. 5, suppression of AMPK
phosphorylation was observed in L. pneumophila—infected lungs
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FIGURE 4. Effects of metformin on mice model of L. pneumophila pneumonia. (A) Mice were infected intratracheally with ~1.5 X 10® CFU
L. pneumophila. The metformin treatment group received 5 mg/ml metformin in drinking water from 7 d before the infection until the end of experiment
(n = 8 per group). (B) Mice were infected intratracheally with 10° CFU L. pneumophila. Numbers of bacteria in the lungs were calculated 2, 3, and 4 d
postinfection. Bars indicate mean + SD (n = 5 per group). (C) Mice were infected intratracheally with 10° CFU L. pneumophila. Mice received metformin
from 7 d before until the day of infection. Numbers of bacteria in the lungs were calculated 2, 3, and 4 d postinfection. Bars indicate mean = SD (n = 5 per
group). (D) mRNA levels of inflammatory markers in the lungs were examined 2 and 3 d postinfection. The metformin group received 5 mg/ml metformin
in drinking water from 7 d before until the day of infection. Data are expressed as fold increase. Bars indicate mean = SD (n = 5 per group). All data in
Fig. 4 were confirmed by two independent experiments. Survival curves were constructed using the Kaplan—-Meier method and were analyzed using the log-
rank test (A), and qRT-PCR were analyzed using the two-tailed Student 7 test (B-D). *p < 0.05, **p < 0.01.
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FIGURE 5. Metformin effects on phosphorylation of AMPK in lungs with L. pneumophila pneumonia. (A) Mice were inoculated intratracheally with
~1.5 X 10° CFU L. pneumophila. The mice received 5 mg/ml metformin in drinking water from 7 d before the infection. On day 3 postinfection, the lungs
were removed and analyzed for p-AMPK by Western blotting (n = 4 or 5 per group). GAPDH was used as a loading control. (B) Bar graph of p-AMPK
intensity after correction with GAPDH, as shown in (A). The results were confirmed by two independent experiments. **p < 0.01, one-way ANOVA

followed by the Tukey multiple-comparisons test.

compared with noninfected lungs. Metformin treatment significantly
restored phosphorylation of AMPK in the lungs of mice with L.
pneumophila pneumonia (Fig. 5).

Metformin enhances lung mROS in mice infected with L.
pneumophila

To investigate the mechanisms of the anti—L. pneumophila effects
of metformin in vivo, we examined the production of mROS in
infected lungs. Total pulmonary cells were harvested from the
lungs at day 3 of infection, and production of mROS in lung
macrophages was evaluated by CellROX Green staining. As
shown in Fig. 6A, L. pneumophila infection strongly reduced
mROS, whereas restoration of mROS production by metformin
was reflected in the frequency of mROS™ cells and the intensity of

A

mROS in macrophages (Fig. 6B). As expected, GSH treatment
reduced mROS in macrophages during metformin treatment
(Fig. 6A, 6B). These metformin effects were not observed in neu-
trophils (Supplemental Fig. 4). Furthermore, we observed mitiga-
tion of the metformin-mediated reduction in L. pneumophila burden
in the lungs when the mice were treated with GSH (5 mg/ml) at 5 d
postinfection (Fig. 6C). Our data demonstrated that metformin-
mediated mROS induction may be one mechanism for the
reduction in lung bacterial burden in mice with L. pneumophila
pneumonia.

Discussion
The present study demonstrated a protective role for metformin
in L. pneumophila infection in vitro and in vivo. We examined
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FIGURE 6. Effects of metformin on mROS production and bacterial number in the lungs. (A) Mice infected with ~1.5 X 10° CFU L. pneumophila
received 5 mg/ml metformin and 5 mg/ml GSH in drinking water from 7 d before until the day of infection. Total lung cells were isolated from the mice on
day 3 and stained for mROS by CellROX Green. The cells were stained by Abs to detect macrophages (CD11b*, F4/80"), washed, and fixed in 4%
paraformaldehyde. The open graph in each plot indicates unstained control (n = 3 per group). The results were confirmed by two independent experiments.
(B) Proportions of mROS™ cells were calculated from data in (A). (C) Numbers of bacteria in lungs infected with L. pneumophila were enumerated on day
5 (n =6 per group). The horizontal lines indicate mean values. The results were confirmed by two independent experiments. *p < 0.05, ***p < 0.001,

one-way ANOVA followed by the Tukey multiple-comparisons test.
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the metformin-specific effects on macrophages and proved that
activation of AMPK and mROS may be a mechanism of the anti-
Legionella activity of metformin. These data represent another
example of the host defense-modifying activity of metformin in
acute L. pneumophila pneumonia, likely through the activation of
AMPK and mROS. Because metformin effects were observed
when administered prophylactically, it may be relevant to diabetes
patients who were treated chronically with metformin. Also, the
present data identified the possible contribution of mROS in
macrophages, but not neutrophils, to protective responses in
Legionella infection.

Although metformin has been used for many years as an oral
treatment for type 2 diabetes, recent reports have described ad-
ditional unanticipated effects of this drug (39). Insulin-based di-
abetes treatment is associated with an increased cancer risk,
whereas metformin use has been shown to decrease the frequency
of specific cancers (40-42). The anticancer mechanism of met-
formin may be attributable to effects on metabolism, cell cycle,
angiogenesis, inflammation, and immunity (43). Within the tumor
microenvironment, metformin can stimulate immune cells, par-
ticularly T cells. Indeed, metformin increases the number of CD8*
tumor-infiltrating lymphocytes and promotes the generation of
memory CD8 T cell (44). In our experiments, we have examined
the effects of metformin on CD8 T cells but observed only
minor changes in the frequency and activation of lymphocytes in
L. pneumophila—infected mice (data not shown).

The anti-M. tuberculosis effects of metformin are believed to be
largely dependent on the activation of AMPK and ROS in mac-
rophages, which may have disparate effects on the immune re-
sponse and the inflammatory response (20). The protective
antimicrobial effect is mediated by increased host cell production
of mROS and increased acidification of mycobacterial phag-
osomes (20). Notably, mROS produced upon mitochondrial re-
cruitment to phagosomes is instrumental in the killing of
intracellular bacteria by macrophages (23). Other investigators
have reported the potential of AMPK activators, including met-
formin, to enhance chemotaxis and phagocytic ability in macro-
phages and neutrophils (45—47). Our data are consistent with these
previous observations and further support the contributions of
metformin-induced activation of AMPK and mROS to protection
against L. pneumophila pneumonia. The AMPK activator AICAR
promotes an anti-Legionella effect similar to metformin, whereas
the AMPK blocker CC abolished metformin effects at the cellular
level. In addition, treatment with GSH, a ROS scavenger, negated
the metformin-induced induction of mROS and the reduction in
bacterial number in vitro and in vivo. These data strongly impli-
cate activation of AMPK and mROS as a mechanism for the anti-
Legionella activity of metformin. Because L. pneumophila is an
intracellular pathogen, it would be of interest to examine the ef-
fects of metformin on macrophages in other types of intracellular
pathogens, including nontuberculosis mycobacteria.

It is generally accepted that metformin effects are due to AMPK,
a crucial regulator of energy and homeostasis (48), which also
inhibits NF-«kB signaling as a negative regulator of inflammation
during several infectious diseases (34). Metformin and AICAR
have been reported to exert immunomodulatory activities in sev-
eral pathological conditions, such as LPS-induced sepsis (49-51)
and lipoteichoic acid—induced lung inflammation (52), in which
activation of AMPK was suggested to be involved. Furthermore,
metformin inhibited TNF-a—induced IL-6 production in endo-
thelial cells (53) and HMGBI1 release in LPS-treated cells (54).
These data suggested that activated AMPK may attenuate proin-
flammatory responses induced by several stimuli. In the current
study, the metformin-induced decreases in inflammatory cytokines,
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such as IFN-vy, IL-12, and TNF-a, were apparent on day 3, but not
day 2, in the infected lungs. It is difficult to conclude that this is due
to a direct effect of metformin on cytokine expression, because a
reduction in bacterial numbers was also observed at this time point.

A previous study demonstrated that virulent L. pneumophila, but
not less virulent strains, suppressed production of cROS in a
macrophage cell line (24). In the current study, L. pneumophila
infection inhibited AMPK activation and cROS/mROS in cultured
cells, as well as dramatically suppressed AMPK and mROS in the
infected lungs. It is plausible that L. pneumophila suppresses host
AMPK and ROS as a potential virulence mechanism, and resto-
ration of these factors by metformin may be beneficial for the host.
Interestingly, our data demonstrated that metformin’s effect on
ROS was limited to the mitochondrial form and not NADPH-
associated ROS. Further studies are required to elucidate a
mechanism accounting for the differential actions of metformin on
ROS-related host defense systems to identify more specific and
efficient therapeutic applications for this compound.

The current study has several limitations. Metformin adminis-
tration was initiated 1 wk prior to challenge with L. pneumophila.
As such, this represents a preventative, rather than a therapeutic,
strategy. Although diabetes is one of the risk factors for
L. pneumophila pneumonia, there are no epidemiological reports
comparing acquisition and frequency of L. pneumophila pneu-
monia between metformin users and nonusers in patients with type
2 diabetes (55, 56). Although serum metformin concentration is
reported to be ~10 wM in humans (43), the concentration of the
drug in mice administered metformin in free drinking water is not
known. Also, although we focused on the effects of metformin on
macrophage effector function, several other types of immune cells,
such as dendritic cells and NKT cells, may also be regulated by
metformin and, thus, be candidates for future investigation.
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Supplemental Figure 1: Effects of metformin on growth and cell death of BMDMs. A and B. BMDMs were
seeded at 2 x 10° cells per wells in 6-well tissue culture plates (BD Falcon) for overnight. BMDMs infected
with L. pneumophila were treated with 2 mM of metformin. After 6 h or 24 h, the cells were removed
with trypsin-EDTA, mix with trypan blue solution and count the numer of live cells. The results were
confirmed by three independent experiments. C. After 48 h of infection, cell morphology was compared
in Legionella, Legionella+metformin and control (no infection). D. BMDMs were seeded in glass bottom
dishes coated at 1 x 10° cells per dish and rested overnight. The cells were infected with L. pneumophila
and then treated with 2 mM metformin for 24 h, and stained with Pl and annexin V for detection of dead
cells and early apoptosis cells. Samples were analyzed by fluorescence microscope. Three fields of view
were taken for each sample, in each sample 100 to 200 cells per field were counted. The results were
confirmed by two independent experiments, and were statistially analyzed using one-way ANOVA
followed by a Tukey’s multiple comparisons test.
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Supplemental Figure 2: Effects of metformin on the growth of L. pneumophila. A and B. Growth of L.
pneumophila (starting OD of 0.07) were examined with or without 2 mM of metformin for 24 h. At the
indicated time points, growth of bacteria was measured by OD600 nm and CFU. The results were
confirmed by two independent experiments.
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Supplemental Figure 3: Effects of metformin on AMPK-related signaling molecules in PCR-array.

Relative values of mMRNA expression level were shown. PrKaa2, Prkag2, Acacb and Stk11l were gene
names, respectively.



Supplemental Figure 4.

A
Control Lp Lp+MET Lp+MET+GSH
-~ , A
5 99.4%
o]
o
Neutrophils

gated

[y

ROS

120 - Neutrophils

100 4

80

% of ROS+ cells

60 -

Supplemental Figure 4: Effects of metformin on mROS production of intrapulmonary neutrophils. A. Mice
infected with approximately 1.5 x 10° CFU of L. pneumophila received 5 mg/mL metformin and 5 mg/ml of
GSH in drinking water from 7 days before until the day of infection. Total lung cells were isolated from the
mice on day 3, and stained for mROS by CellROX-Green. The cells were stained by Abs to detect neutophils
(CD11b*, Ly6G*), then cells were washed, fixed 4% PFA. The dotted line of each plot indicates unstained
control. n = 3 in each group. The results are confirmed by two independent experiments. B. Proportions of
mROS positive cells were calculated from data of A. C. The total number of cells and proportions of
macropheges, neutrophils in the lungs infected with L. pneumophila were enumerated, n = 3 in each group.
Actual different samples were used for triplicates. The results are confirmed by two independent
experiments.



