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Abstract

Klebsiella pneumoniae is a Gram-negative bacterium and the causative agent of several life-threatening nosocomial infec-
tions, including pneumonia. K. pneumoniae induces acute lung injury and inflammation in humans that require immediate
hospitalization and treatment. Therefore, attenuation of K. pneumoniae-induced inflammation is necessary for the survival
of patients. This study investigated the mechanisms by which melatonin abrogated K. pneumoniae-induced inflammation and
apoptosis of lung cell lines, HLF-1 and BEAS-2B. Our results showed that in vitro infection of HLF-1 and BEAS-2B cells
by K. pneumoniae significantly induced inflammation and apoptosis increased elevated levels of IL-6, CXCL1, CXCL2, and
caspase-9 mRNA. However, these effects were abrogated by melatonin treatment. Infection with K. pneumoniae significantly
increased the expression of AMP-induced protein kinase (AMPK). Furthermore, AMPK silencing significantly abrogated
the suppression of inflammation and apoptosis in melatonin-infected K. pneumoniae lung cells. Melatonin could alleviate
K. pneumoniae infection-induced inflammation in three-dimensional lung spheroids. In conclusion, our study demonstrated
that melatonin abrogated K. pneumoniae-induced inflammation and apoptosis in lung cells through AMPK. Our study dem-

onstrated the potential of melatonin for therapy against K. pneumoniae infections including pneumonia.
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Introduction

Klebsiella pneumoniae (K. pneumoniae) is a Gram-negative
bacterium that causes life-threatening nosocomial infections,
including pneumonia (Wyres et al. 2020). In humans, K.
pneumoniae is mainly located in the gastrointestinal tract
and some locate in the nasopharynx, through which bacteria
can enter the bloodstream or other tissues and cause infec-
tion (Wyres et al. 2020). To date, four virulent factors have
been identified, including pili, capsule, lipopolysaccharide
(LPS), and iron carriers (Martin et al. 2018). Importantly,
K. pneumoniae is assembled by adhesins, type 1 and type 3
pili, and it promotes bacterial adhesion to epithelial, immune
cells, and abiotic surfaces (Martin et al. 2018). K. pneumo-
niae induces acute lung injury in humans and is associated
with high mortality rates of nearly 50% (Wyres et al. 2020).
It is difficult to treat pneumonia because K. pneumoniae is
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highly resistant to carbapenems, the last resort antibiotic
against Gram-negative bacteria (Chong et al. 2018). K. pneu-
moniae acquires antimicrobial resistance (AMR) genes that
cause multidrug resistance through de novo mutations or the
acquisition of plasmids and transferable genetic elements
(Vardakas et al. 2018). Therefore, treatment of K. prneumo-
niae infections require the development of drugs that bypass
AMR genes.

Pathogenic bacteria induce acute or chronic inflamma-
tion of various human organs, including the intestine and
lungs (Cao 2017). For example, invasive pathogens induce
inflammation by disrupting the intestinal niche and gut equi-
librium generated by the commensal bacterial communities
(Abt and Pamer, 2014). The in vitro intestinal organoid
model demonstrated that Salmonella infections-induced
intestinal cell death via inflammation (Yin and Zhou 2018).
Chronic inflammation by Helicobacter pylori causes peptic
ulcer disease and gastric cancer (Lehours and Ferrero 2019).
Inflammation could also induce serious cell injury through
different mechanisms, including the mTOR/STAT?3 path-
way activation, autophagy, and induction of oxidative stress
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(Ryter 2021). Therefore, attenuation of inflammation is criti-
cal to alleviating disease caused by bacterial infections.

Melatonin (N-acetyl-5-methoxy-tryptamine) is a sleep
hormone that was originally discovered in plants (Bhat-
tacharya et al. 2019). In humans, melatonin influences sev-
eral biological activities such as circadian rhythms, mood,
sleep, body temperature, locomotor activity, food intake,
retina physiology, sexual behavior, seasonal reproduction,
and the immune system (Bhattacharya et al. 2019). Increas-
ing evidence has shown that melatonin exerts important
regulatory effects on pathogens, including viruses and
bacteria (Bahrampour Juybari et al. 2020; Anderson and
Reiter 2020). For example, melatonin also exhibits broad
antiviral activity against COVID-19 (Bahrampour Juybari
et al. 2020), the influenza virus (Anderson and Reiter 2020),
and the Ebola virus (Anderson et al. 2015). Several stud-
ies have also shown the antibacterial properties of mela-
tonin. For example, melatonin overcomes mobilized colistin
resistance (MCR) of Gram-negative pathogens (Liu et al.
2020). Melatonin also demonstrates anti-inflammatory and
cytoprotective functions. For example, in the mouse model,
melatonin alleviated adipose inflammation by increasing
alpha-ketoglutarate levels and diverting adipose-derived
exosomes to macrophages (Liu et al. 2018). Melatonin has
also been reported to regulate T-cell differentiation, inter-
fere with T/B cell interaction, and attenuate the production
of pro-inflammatory factors, achieve its antioxidant action
via specific receptors to exert immunomodulatory effects
(Yildirim et al. 2019). In bacterial meningitis (BM), mela-
tonin was also found to exert several protective effects in
BM through various mechanisms, including the immune
response, antibacterial activity, protection of the integrity
of the blood—brain barrier (BBB), free radical scavenging,
anti-inflammatory activity, activation of signaling path-
ways, and effects on the gut microbiome (Gao et al. 2021).
However, the effects of melatonin on inflammation and cell
death induced by bacterial infections have not been reported.
Therefore, it is attractive to investigate the effects of mela-
tonin on bacteria-induced inflammation.

In the present study, we investigated the effects of mela-
tonin on lung epithelial cell inflammation and cytotoxicity
induced by infection with K. pneumoniae and the underly-
ing mechanisms. Importantly, an advanced in vitro three-
dimensional (3D) lung spheroid model was used in the study,
since it has a substantial advantage compared to conven-
tional two-dimensional (2D) cell line models, including
improved mimicking of a 3D structure in vitro. We believe
that our study provides new information for understanding
the pathogenesis of K. pneumoniae infections.
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Materials and methods
Preparation of bacteria

K. pneumoniae was obtained from the Biological Resource
center of Tianjin First Central Hospital and grown as
described previously (Anand et al. 2020). K. pneumoniae
was cultured in the microbial culture room and grown in
Luria Bertani (LB) broth with constant shaking at 37 °C or
solid media containing LB and 1.5% agar in an incubator
maintained at 5% CO,, pH 7.0-7.4, and 37 °C. The bacteria
grown overnight in the exponential phase were harvested
by centrifugation at 2700x g for 20 min and resuspended
in PBS.

Culturing of lung cell lines

HLF-1 (human lung fibroblast) cells and BEAS-2B cells
(normal human bronchial epithelial cells) were purchased
from Zishi Biotechnology (Shanghai, China) and cultured
in Dulbecco’s modified eagle medium (DMEM, Cat No.
11054001, Thermo Fisher, Carthage, USA) containing 10%
fetal bovine serum (FBS, Cat No. 12664025C, Thermo
Fisher), 1% penicillin—streptomycin (Cat No. 15140163,
Thermo Fisher, Carthage, USA), and 1% 2 mM L-glutamine
(Cat No. 25030081, Thermo Fisher, Carthage, USA) at
37 °C and 5% CO,.

Culturing of three-dimensional (3D) lung spheroids

3D lung spheroids were purchased from Innovation Bio-
technology (Tianjin, China). Culture of 3D lung spheroids
was used previously published method (Kumari et al. 2020).
Briefly, a mixture of 3000 HLF-1 cells and 3000 BEAS-
2B cells were plated on 96-well ultra-low attachment plates
(Corning) in complete media (DMEM media containing
10% FBS, 1% penicillin—streptomycin, and 1% 2 mM L-glu-
tamine) supplemented with 4% Matrigel™ (Corning, New
York, USA). Media was refreshed every 4 days by carefully
aspirating 50% of the well volume and replacing with fresh
complete media containing 1% Matrigel™. The 3D sphe-
roids were re-fed with fresh media every 2 or 3 days.

Bacterial infection

HLF-1 or BEAS-2B cells or 3D lung spheroids grown in
DMEM medium at 5% CO, and 37 °C were serum-starved
for 18 h and infected with the bacterial inoculum prepared
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Fig.1 K. pneumoniae infection induces inflammation in lung cell tion with K. pneumoniae significantly increased the mRNA expres-
lines. K. pneumoniae infection significantly increased the mRNA sion of G IL-6, H CXCL1, and I CXCL2 in the BEAS-2B cell line.
expression of A IL-6, B CXCL1, and C CXCL2 in the HLF-1 cell K. pneumoniae infection significantly increased the protein levels of J
line. K. pneumoniae infection significantly increased the protein lev- IL-6, K CXCL1, and L. CXCL2 in the BEAS-2B cell line

els of D IL-6, E CXCL1, and F CXCL2 in the HLF-1 cell line. Infec-
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Fig. 2 Infection with K. pneumoniae significantly reduced the viabil-
ity of lung cell lines. K. pneumoniae infection (MOI=5:1 and 10:1)
significantly decreased the viability of A HLF-1 and C BEAS-2B

in DMEM. Briefly, 80-90% confluent HLF-1 or BEAS-2B
cells were seeded in 24-well plates at a density of 2 x 10°
cells per well or 3D lung spheroids were seeded in a 4%
Matrigel coated 24-well plate at a density of 50 spheroids
per well and infected with K. pneumoniae at a multiplicity

Table 1 QPCR primers used in the study

Genes Primer Sequence (5'—3")

CXCL2 Forward GAAAGCTTGTCTCAACCCCG
Reverse TGGTCAGTTGGATTTGCCATTTT

CXCL1 Forward AGCTCTTCCGCTCCTCTCA
Reverse CACGGACGCTCCTGCTG

IL-6 Forward CCTTCTCCACAAGCGCCTTC
Reverse GGAAGGCAGCAGGCAACA

Caspase9 Forward CTGCACTTCCTCTCAAGGCA
Reverse AGCATTGGCAACCTGGGAAG

AMPK Forward AAAGTCGGCGTCTGTTCCAA
Reverse GGGCCTGCATACAATCTTCCT
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cells. K. pneumoniae infection (MOI=5:1 and 10:1) significantly
increased the expression of the cellular apoptosis marker, caspase 9,
in B HLF-1 and D BEAS-2B cells

of infection (MOI) ranging from 5:1 to 10:1. The cells or 3D
lung spheroids were then centrifuged for 4 min at 200X g at
22 °C and incubated between 2 and 24 h at 37 °C and 5%
CO, in a humidified incubator. HLF-1 or BEAS-2B cells
infected with K. pneumoniae or 3D lung spheroids were
treated with 1 pM melatonin for 24 h.

CCK-8 assay of cell viability

Lung cell viability was analyzed using the CCK8 assay kit
(Beyotime, Cat. No. C0037, Shanghai, China) according
to the manufacturer’s instructions. Briefly, 1x 10* HLF-1
or BEAS-2B cells were seeded in 96-well culture plates,
infected with K. pneumoniae, and treated with or without
1 pM melatonin for specified periods of time. The cells
were then incubated for 4 h with 100 pL. CCK-8 and the
absorbance was measured at 450 nm. Cell viability (%)=0D
(treated cells)/OD (control cells) x 100.
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Fig.3 Melatonin alleviates inflammation induced by infection with
K. pneumoniae in lung cell lines. Melatonin treatment suppressed K.
pneumoniae infection-induced upregulation of A IL6, B CXCL1 and

Western blotting

Protein lysates were prepared from HLF-1 and BEAS-2B
cells using RIPA (catalog#P0013B, Beyotime Biotechnol-
ogy, Shanghai, China). Equal amounts of protein lysates
(30 pg/lane) were separated on a 12% polyacrylamide gel,
transferred to PVDF membranes, and blocked with 5% FBS
at room temperature for 1 h. The blots were then incubated
overnight at 4 °C with the primary rabbit AMPK alpha 1
polyclonal antibody (1:1000, Cat. No. ab3759, Abcam,
Cambridge, UK), anti-IL-6 antibody (1:1000, Cat. No.
Ab233706, Cambridge, UK), anti-CXCL1 antibody (1:1000,
Cat. No. ab124731, Cambridge, UK), anti-CXCL2 anti-
body (1:1000, Cat. No. ab275879, Cambridge, UK), and
anti-GAPDH antibody (1:1000, Cat. No. ab8245, Abcam,
Cambridge, UK). The membranes were washed with TBST
for 10 min and incubated with the anti-rabbit secondary anti-
body (1:1000, Cat. No. ab288151, Abcam, Cambridge, UK)

C CXCL2 mRNA expression in HLF-1 cells. Melatonin treatment
suppressed K. pneumoniae infection-induced upregulation of D IL6,
E CXCLI, and F CXCL2 mRNA expression in BEAS-2B cells

for 30 min at room temperature. Finally, membranes were
developed using the enhanced chemiluminescence (ECL)
agent (Cat. No. PO018M, Beyotime Biotechnology, Shang-
hai, US). The protein bands were then developed and visual-
ized using ChemiDoc XRS + System (BIO-RAD, Cat. No.
1708265, California, US).

Reverse transcription-polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from lung cells using the RNeasy
plus Mini Kit (Qiagen, Maryland, USA). Reverse transcrip-
tion (RT) was performed with 500 ng of total RNA using
the BeyoRT™ III cDNA synthesis kit (Cat. No. D7178M,
Beyotime, Shanghai, China). qPCR was performed with the
cDNA samples using the TB Green qPCR Kit (Takara) in
the 7500 Fast Real-Time PCR System (Applied Biosystem,
CA, USA). The qPCR reaction conditions included initial
denaturation at 94 °C for 5 min followed by 40cycles of
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Fig.4 Melatonin increases the viability of K. pneumoniae-infected
lung cells by suppressing apoptosis. Melatonin-suppressed K. pneu-
moniae infection-induced upregulation of caspase 9 expression in

amplification at 94 °C for 30 s, 58 °C for 30 s and 72 °C
for 30 s. The reaction was stopped at 25 °C for 5 min. Rela-
tive gene expression levels were analyzed using the 2744
method. GAPDH was used as an endogenous control. RT-
PCR primers used in this study are listed in Table 1.

Flow cytometry

For analysis of apoptosis rates, after treatments, 3D lung
spheroids were harvested to 15 centrifuge tubes, followed
by spinning down at 100 g for 5 min. Then, supernatant
was discarded, followed by adding 5 mL TrypLE™ Express
Enzyme (1X, phenol red, Thermo Fisher Scientific GmbH,
Waltham, Massachusetts, US) and incubating in water bath
(°C) for 10 min. Then, dissociation was terminated by add-
ing 5 mL FBS. Then, single cells were washed with PBS for
three times, followed by being resuspended in 1X annexin
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A HLF-1 and B BEAS-2B cells. Melatonin increased viability of C
HLF-1 and D BEAS-2B cells infected with K. pneumoniae

binding buffer (10x, 0.1M hepes (pH 7.4), 1.4M NaCl,
25 mM CaCl,) and incubated for 5 min at room temperature.
Afterwards, cells were pelleted and stained with annexin-V-
FITC (Miltenyi Biotech, Bergisch Gladbach, Germany) and
propidium iodide (PI) solution (Miltenyi Biotech, Bergisch
Gladbach, Germany) according to the manufacturer’s man-
ual. They were incubated for 15 min at room temperature
before an additional 300 pl Annexin V Binding Buffer was
added to each sample. Gating parameters were determined
using Veh/PBS-treated cells as a negative control. Unstained
cells were run to account for auto fluorescence. Stained cells
were analyzed by flow cytometry using a FACSLyric sys-
tem (BD Biosciences, Franklin Lakes, New Jersey, US).
For instrument setup, the excitation wavelength was set to
488 nm, and emission wavelength was set to 530 for annexin-
V, and the excitation wavelength was set to 488 nm, and
emission wavelength was set to 585 for PI.
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Fig.5 Infection with K. pneumoniae increased the expression of
AMPK in lung cells. K. pneumoniae significantly increased AMPK
mRNA expression in A HLF-1 and C BEAS-2B cells. K. pneumoniae

Statistical analysis

GraphPad Prism (version 9, GraphPad Software, San Diego,
CA, US) was used for statistical analysis. Data are shown as
mean +SEM. One-way analysis of variance (ANOVA) was used
to compare the data between multiple groups. P<0.05 was con-
sidered statistically significant.

Results

K. pneumoniae-induced inflammation in lung cell
lines

We analyzed the inflammation induced by K. pneumoniae
in the lung cell lines. Infection of the HLF-1 and BEAS-2B
lung cell lines with K. pneumoniae (MOI = 10) significantly
increased the mRNA levels of inflammation-related genes
such as IL-6 (Fig. 1A, D), CXCLI (Fig. 1B, E), and CXCL2
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infection significantly increased AMPK protein levels in B HLF-1
and D BEAS-2B cells

(Fig. 1C, F). This demonstrated that K. preumoniae-induced
inflammation in lung cells.

Infection with K. pneumoniae significantly reduced
the viability of lung cells

Lung injury and inflammation are the common character-
istics of lung diseases (Daniel et al. 2019). Therefore, we
investigated the effects of K. pneumoniae infection on lung
cell viability. K. pneumoniae infection (MOI=5:1 and 10:1)
significantly decreased the viability of HLF-1 and BEAS-
2B cells (Fig. 2A, C). Furthermore, HLF-1 and BEAS-2B
cells infected with K. pneumoniae (MOI=5:1 and 10:1,
respectively) showed significantly higher levels of caspase-9
mRNA, a pro-apoptotic gene (Fig. 2B, D). This demon-
strated that infection with K. prneumoniae-induced apoptosis
in lung cells.
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Fig.6 Melatonin-suppressed inflammation in K. pneumoniae- niae. C, F qRT-PCR analysis showing relative CXCL1 mRNA levels

infected lung cells by AMPK. qRT-PCR analysis indicating AMPK
mRNA levels in control cells and AMP siRNA-transfected A HLF-1
and D BEAS-2B cells. qRT-PCR analysis showing relative levels of
IL-6 mRNA in control and AMPK-silenced B HLF-1 and E BEAS-
2B cells treated with 1 pM melatonin and infected with K. pneumo-
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in the control and AMPK-silenced C HLF-1 and F BEAS-2B cells
treated with 1 pM melatonin and infected with K. pneumoniae. As
shown, AMPK KD abrogated the anti-inflammatory effects of mela-
tonin in K. pneumoniae-infected lung cells
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Fig.7 Melatonin promotes the viability of K. pneumoniae-infected
lung cells via AMPK. Melatonin treatment (1 pM) suppressed the
upregulation of caspase9 mRNA levels, while AMPK knockdown
attenuated the effects of melatonin in K. pneumoniae-infected A

Melatonin-alleviated inflammation induced by K.
pneumoniae in lung cells

Melatonin reduced inflammation in several cell types (Zhang
et al. 2020). IL-6, CXCL1, and CXCL2 mRNA expression
in HLF-1 and BEAS-2B cells infected with K. pneumoniae
treated with 1 pM melatonin was significantly lower com-
pared to the corresponding controls (Fig. 3A-F). The dose
and treatment time were referenced in previous studies (Lee
et al. 2018; Rahman et al. 2005). This demonstrated that
melatonin treatment significantly reduced the inflammatory
response induced by K. pneumoniae infection in lung cell
lines.

2353
B .
HLF-1 cell line
150+
*%
. *%
o\o — 1
~ 100 *
E 1
=
]
S
3 504
(&)
0-
Infection - + + +
Melatonin - - +
AMPKKD - - - +
D BEAS-2B cell line
150+
*
. *%*
X ! !
~ 100
E *
S A
S
35 50-
(@)
0_
Infection - + + +
Melatonin - - + +
AMPK KD - - - +

HLF-1 and C BEAS-2B cells. Melatonin treatment (1 pM) increased
cell viability, while AMPK knockdown attenuated the effects of mela-
tonin in cells infected with K. pneumoniae B HLF-1 and D BEAS-2B

Melatonin treatment increased the viability of K.
pneumoniae-infected lung cells

Next, we investigated the effects of melatonin on lung cell
apoptosis induced by K. pneumoniae infection. Treatment
of K. pneumoniae-infected lung cell lines with 1 pM mela-
tonin significantly reduced caspase 9 expression levels
(Fig. 4A, C). Furthermore, melatonin significantly increased
the viability of HLF-1 and BEAS-2B cells infected with
K. pneumoniae (Fig. 4B, D). These results demonstrated
that melatonin significantly increased the viability of the K.
pneumoniae-infected lung cell lines.
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«Fig. 8 Melatonin-alleviated inflammation caused by K. pneumoniae
in 3D lung spheroids. A Morphology of 3D lung spheroids. Infection
with K. pneumoniae increased the expression of IL-6 B, CXCL1 C
and CXCL2 D mRNA in 3D lung spheroids. Melatonin (1 pM) sig-
nificantly reduced IL-6 E, CXCL1 F and CXCL2 G mRNA expres-
sion in 3D lung spheroids; flow cytometry indicating that K. pneumo-
niae infections-induced cell apoptosis, while melatonin (1 pM) could
attenuate K. pneumoniae infection-induced cell apoptosis in 3D lung
spheroids H

AMPK expression was elevated in lung cells infected
with K. pneumoniae

AMPK is a key regulator of cellular metabolism that plays a sig-
nificant role in modulating bacterial infections (Jo et al. 2019).
Therefore, we investigated whether infection by K. prneumoniae
modulated AMPK expression. K. pneumoniae (MOI = 10:1)
significantly increased AMPK mRNA expression in HLF-1
and BEAS-2B cells at different time points (2, 4, and 8 h)
(Fig. 5A, C). Furthermore, K. pneumoniae infection significantly
increased AMPK protein levels in HLF-1 and BEAS-2B cells
(Fig. 5B, D). This showed that K. pneumoniae infection signifi-
cantly increased AMPK mRNA and protein levels in lung cells.

Melatonin-suppressed K. pneumoniae-induced
inflammation in lung cells via AMPK

We then investigated the role of AMPK in the anti-inflamma-
tory effects of melatonin in K. pneumoniae-infected lung cells.
We silenced AMPK in HLF-1 and BEAS-2B cells by transfec-
tion of cells with siRNA against AMPK (AMPK KD) (Fig. 6A,
D). The qRT-PCR results indicated that the IL-6 and CXCL1
mRNA levels mRNA levels were significantly higher in
AMPK-silenced lung cell lines treated with melatonin infected
with K. pneumoniae compared to lung cell lines treated with
melatonin infected with K. pneumoniae (Fig. 6B, C, E, F). This
demonstrated that melatonin suppressed inflammation caused
by K. pneumoniae infection in the lung cells via AMPK.

Melatonin-suppressed apoptosis in lung cells
infected with K. pneumoniae by AMPK

Next, we analyzed the effects of melatonin on the viability
of K. pneumoniae-infected lung cells and the corresponding
mechanism. Treatment of HLF-1 and BEAS-2B cells infected
with K. pneumoniae with 1 pM melatonin significantly reduced
caspase9 mRNA expression levels (Fig. 7A, C) and increased
cell viability (Fig. 7B, D) compared to HLF-1 and BEAS-2B
cells infected with K. pneumoniae without melatonin treatment.
Interestingly, effects of melatonin on the promotion of caspase9
expression and reduction of cell viability by K. pneumoniae
infection were found in both cell types (Fig. 7). This showed
that melatonin alleviated apoptosis of K. pneumoniae-infected
lung cells via AMPK.

Melatonin-alleviated inflammation caused by K.
pneumoniae in 3D lung spheroids

3D in vitro models have been shown to more accurately
mimic in vivo physiology (Yin et al. 2021; Clevers 2016).
Thus, we evaluated inflammation due to K. pneumoniae
infections and the effects of melatonin on K. pneumo-
niae infections-induced inflammation in 3D lung sphe-
roids (Fig. 8A). K. pneumoniae infections increased IL-6
(Fig. 8B), CXCL1 (Fig. 8C), and CXCL2 (Fig. 8D) mRNA
expression in 3D lung spheroids. Importantly, 1 pM mela-
tonin significantly reduced IL-6 (Fig. 8E), CXCL1 (Fig. 8F),
and CXCL2 (Fig. 8G) mRNA expression levels in 3D lung
spheroids. To further confirm the effects of K. pneumoniae
infections on lung cell apoptosis and the effects of melatonin
on lung cell apoptosis, the flow cytometry assays were per-
formed to confirm cell apoptosis induced by K. pneumoniae
infections, while melatonin (1 pM) attenuated K. pneumo-
niae infection-induced cell apoptosis in 3D lung spheroids
(Fig. 8H). This demonstrated that melatonin treatment sig-
nificantly reduced the inflammatory response induced by K.
pneumoniae infection in a 3D lung spheroid model.

Discussion

K. pneumoniae was first described by Carl Friedlander in
1882 as an encapsulated bacterium isolated from the lungs
of patients who died from pneumonia. K. pneumoniae is the
third leading cause of healthcare-associated infections in the
United States (9.9%) behind Clostridium difficile and Staph-
ylococcus aureus (Martin and Bachman 2018). In the present
study, we demonstrated that infection with K. pneumoniae-
induced inflammation and cytotoxicity in two lung cell lines,
HLF-1 and BEAS-2B, by increasing the expression levels
of AMPK. This study also demonstrated that melatonin
alleviated inflammation and cell death in lung cell lines
in response to infection by K. pneumoniae. Furthermore,
this study demonstrated that AMPK mediated the effects
of melatonin in alleviating inflammation and cell death in
K. pneumoniae-infected lung cell lines. We also confirmed
that melatonin could alleviate inflammation induced by K.
pneumonia infections in 3D lung spheroids.

The immune system plays a key role in protecting the
human body from disease-causing pathogens such as
bacteria and viruses. In addition, infections from foreign
pathogens such as bacteria activate the immune response or
inflammation. Pathogenic oral bacteria and related toxins
induce inflammation at distant sites in the body (Martin and
Bachman 2018; Han and Wang 2013). Wong et al (2014)
demonstrated prostatic inflammation and fibrosis in a mouse
model of chronic bacterial infection. In patients with Crohn’s
disease, abnormal ileal bacterial colonization is associated
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with altered innate immune responses to invasive bacteria
(Barnich et al. 2013). Wu et al (2018) demonstrate that the
oral pathogen Salmonella enterica induced intestinal inflam-
mation to eliminate competitors to gain exclusive access to
fructose-asparagine, an essential nutrient for their growth.
In the lungs, innate immunity plays an important role in the
elimination of several pathogens without adverse immuno-
pathological effects and in the absence of adaptive immu-
nity (Dulek et al. 2014). In the lungs, bacterial pathogens,
including K. pneumoniae, can induce immune responses
that result in increased expression of innate immune genes
such as interleukin-17A (IL-17A), IL-17F, and IL-22 (Dulek
et al. 2014). In the present study, K. pneumoniae-infected
lung cells showed significantly higher mRNA and protein
expression of pro-inflammatory genes such as IL6, CXCL1,
and CXCL2 (Fig. 1). Hoogerwerf et al. (2012) demonstrated
that K. pneumoniae infection was closely associated with
the inflammatory response in the lung epithelium. There-
fore, it is essential to determine the mechanisms underlying
the inflammatory responses during K. pneumoniae infection
of lung cells. Furthermore, K. pneumoniae infection is also
associated with severe lung injury (Dulek et al. 2014). In
the present study, we confirm that K. pneumoniae infection-
induced cellular apoptosis in lung cell lines (Fig. 2).

In humans, melatonin is produced by the pineal glands.
However, melatonin is widely produced naturally in sev-
eral living organisms, from bacteria to humans (Liu et al.
2020). Melatonin exerts a variety of biological functions,
including circadian rhythms, sleep, immune responses, and
others (Liu et al. 2020). Several studies have shown that
melatonin protects against bacterial infections. Liu et al
(2020) demonstrated that melatonin substantially increased
the activity of colistin against mobilized colistin-resistant
(MCR)-positive Gram-negative pathogens. Melatonin is a
powerful antioxidant molecule that can reduce oxidative
stress and up-regulate antioxidative defense mechanisms
that can influence innate immunity against bacterial patho-
gens (Liu et al. 2020). Xu et al (2019) demonstrated that
melatonin exerted its protective effects against polymicrobial
sepsis in the mouse model by promoting the development
of the neutrophil extracellular trap (NET), which contrib-
uted to antibacterial activity during polymicrobial infection.
In the present study, we showed that melatonin suppressed
inflammation and apoptosis in lung cells infected with K.
pneumoniae (Figs. 3, 4, and 8).

AMPK is a highly conserved serine/threonine kinase that
functions as a key metabolic sensor in eukaryotic cells and
plays an important role in the adaptive response to exercise
(Spaulding and Yan 2022). AMPK is associated with several
biological processes, including tumorigenesis, virus infec-
tions, metabolism, and others (Prantner et al. 2017). AMPK
also regulates host defenses against bacterial pathogens and
is closely associated with innate immunity (Prantner et al.

@ Springer

2017). In this study, we demonstrated that melatonin allevi-
ated inflammation and apoptosis related to K. pneumoniae
infection in lung cells via AMPK (Figs. 6, 7, 8).

In conclusion, our study demonstrated that K. pneumo-
niae infection-induced inflammation and apoptosis in lung
cell lines, which was associated with increased AMPK
expression. Furthermore, melatonin alleviated K. pneumo-
niae infection-related inflammation and apoptosis of lung
cell lines via AMPK. These results suggested that melatonin
is a promising therapeutic agent for alleviating lung pathol-
ogy and pneumonia related to K. pneumoniae infection.
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