Immunobiology 225 (2020) 151874

2 [mmunobiology

Contents lists available at ScienceDirect

Immunobiology

journal homepage: www.elsevier.com/locate/imbio

Regulation of hepcidin/iron-signalling pathway interactions by commensal @ R

Check for

bifidobateria plays an important role for the inhibition of metaflammation- %2
related biomarkers

Darab Ghadimi®*, Mohamed Farghaly Yoness Hassan™', Regina Folster-Holst",
Christoph Rocken®, Michael Ebsen”, Michael de Vrese?, Knut J. Heller”

& Department of Microbiology and Biotechnology, Max Rubner-Institut, Hermann-Weigmann-Str 1, D-24103, Kiel, Germary

Y Clinic of Dermatology, University Hospital Schleswig-Holstein, Schittenhelmstr. 7, D-24105 Kiel, Germany

¢ Institute of Pathology, Kiel University, University Hospital, Schleswig-Holstein, Arnold-Heller-Strafse 3/14, D-24105, Kiel, Germany
4 Stdtisches MVZ Kiel GmbH (Kiel City Hospital), Department of Pathology, Chemnitzstr.33, 24116, Kiel, Germany

ARTICLE INFO ABSTRACT

Keywords: Increased concentration of ferrous iron in the gastrointestinal tract increases the number of various pathogens
Metaflammation and induces inflammation. LPS and/or high-fat diet-associated metaflammation is mediated through a qua-
Bifidobacteria ternary receptor signaling complex containing iron-regulated pathway, IL-6/STAT inflammatory signaling
Tron pathway, hepcidin regulatory pathway, and common TLR4/NF-xB signaling pathway. We, therefore, in-
;Ifgcuim vestigated whether bifidobacteria directly or indirectly ameliorate LPS- and/or high-fat diet-associated meta-

flammation by reduction of intestinal iron concentration and/or the above-mentioned pathways.

Material & methods: We used a triple co-culture model of HT-29/B6, HMDM and HepGz2 cells with apically added
Bifidobacterium pseudolongum (DSMZ 20099), in the absence or presence of iron, LPS or oleate. Expressions of the
biomarkers of interest were determined after 24 h incubation by TagMan qRT-PCR, cell-based ELISA or Western
blot.

Results: Bifidobacteria inhibited LPS- and oleate-induced protein expression of inflammatory cytokines (IL-6,
TNF-a) concomitantly with decreases in cellular TG and iron concentration. Exposure of co-cultured cells to
bifidobacteria blocked NF-kB activity through inhibition of IkBa, p38 MAPK, and phosphorylation of NF-kB 65
subunit. TagMan qRT-PCR and Western blot analysis revealed that bifidobacteria downregulated mRNA and
protein expression of BMP6, DMT1, hepcidin, i-ferritin, ferroportin, IL-6, TfR1, Stat3, and TLR4 following ex-
posure to excessive extracellular LPS, oleate and iron. However, the patterns of TLR2 mRNA and protein ex-
pression were quite the opposite of those of TLR4.

Conclusion: Commensal bifidobacteria ameliorate metaflammation/inflammatory responses to excessive extra-
cellular LPS, oleate and iron through at least two molecular/signaling mechanisms: i. modulation of interactions
of the hepcidin- and iron-signaling pathways via reduction of excess iron; ii. reduction of pro-inflammatory
cytokines and hepcidin production through inhibition of the TLR4/NF-kB pathway. This may be a molecular
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culture supernatants; CFU, colony forming units; ddH20, double-distilled water; DMEM/F-12, Dulbecco's modified eagle medium/nutrient mixture F-12; DIOS,
dysmetabolic iron overload syndrome; DMSO, dimethyl sulfoxide; DMT1, divalent metal transporter 1; ELISA, enzyme-linked immunosorbent assay; EPEC, en-
teropathogenic Escherichia coli; EU, endotoxin units; FPN1, ferroportin 1; FTL1, ferritin light chain subunit; GAPDH, glycerol aldehydephosphate dehydrgenase;
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basis by which commensal bifidobacteria enhance intrinsic cellular tolerance against excess consumption of
energy-yielding substrates and/or free iron.

1. Introduction

Previous studies have shown that, on one hand, increased avail-
ability of iron in the gastrointestinal tract directly affects the gut mi-
crobiota composition by reducing the numbers of the beneficial mi-
crobiota (e.g., bifidobacteria) and the spreading of pathobionts. On the
other hand, excess available iron may indirectly affect host-microbe
interactions and cellular lipid metabolism via induced inflammation
(Ahmed et al., 2012; Kell and Pretorius, 2015; Li and Frei, 2009; Yilmaz
and Li, 2018). The precise molecular basis and biochemical causes are
not well understood.

The nutrient essential for almost all bacteria, except for lactic acid
bacteria (LAB), is iron (Bailey et al., 2011). LAB do not need iron in
their natural environment, which may be a crucial advantage over
other microorganisms. For instance, Lactobacillus delbrueckii affects the
function of other microbes by binding iron hydroxide to its cellular
surface, thus making it unavailable to other microbes (Markowiak and
Slizewska, 2017).

Bifidobacteria and LAB have been shown to remove soluble ferrous
iron from media and from their environment by internalizing it and -
when oxygen is present - partially oxidizing it to insoluble Fe(OH), by
putative intracellular ferroxidases (Kot et al., 1995). The ability of bi-
fidobacteria to efficiently sequester iron in the gut is a mechanism of
competition for nutrients, causing iron starvation in EPEC bacteria
(Vazquez-Gutierrez et al., 2015). It has been also shown hat: (i) efficient
competition for iron is a key factor for bacterial growth, persistence and
establishment in the intestine; and (ii) the iron-related inflammatory
diseases also have a major microbial component involving the re-
suscitation of dormant organisms and their shedding of inflammatory
molecules, especially of cell wall components such as LPS (Kell and
Pretorius, 2015; Vazquez-Gutierrez et al., 2016).

It is also well known that elevated levels of extracellular iron may
result in increased gastrointestinal tract pathogen toxicity, resulting in
increased intestinal permeability and inflammation. The normal mi-
crobiota is unable to thrive in an environment high in iron, because it is
‘out-competed’ by the bacterial overgrowth of pathogenic bacteria. This
‘out-competition’ leads to increased intestinal inflammation and sub-
sequently to intestinal permeability, which may in turn allow pathogens
to reach the liver where they can initiate inflammation and NAFLD.
Restoring the gastrointestinal tract environment may allow the natural
gastrointestinal tract microbiome to prosper and restrict the growth of
pathogenic bacteria (Briskey, 2015).

The liver is: (i) an important site for iron and lipid metabolism; (ii)
the main site for the initial phase of removal of LPS and Gram-negative
bacteria from the bloodstream; and (iii) the main site for the interac-
tions between these metabolic pathways (Ahmed et al., 2012; Gregor
and Hotamisligil, 2011; Kell and Pretorius, 2015). One role of iron in
the pathogenesis of diseases associated with hyperlipidemia and lipid
deposition is likely to include an ability to induce oxidative stress and
inflammation in the liver. Lipoprotein uptake pathways are affected by
iron. In vitro studies in HepG2 cells showed that iron overload increases
intracellular lipid droplet formation. Furthermore, iron accumulation
has a pro-inflammatory and pro-fibrogenic role by activating Kupffer
cells to release inflammatory cytokines (Ahmed et al., 2012).

Regarding cross-linking between lipid and iron metabolism, high-fat
diet (HFD) was associated with increased expression of the major iron
uptake protein transferrin receptor-1 (TfR-1) and with upregulation of
the intracellular iron sensor iron regulated protein-1 (IRP1).
Supplementation with fatty acids induced TfR-1 and IRP1 in HepG2
hepatocytes, favoring intracellular iron accumulation upon exposure to

iron salts (Dongiovanni et al., 2015; Meli et al., 2013).

Iron metabolism/levels is/are tightly controlled by regulatory me-
chanisms that integrate both local and systemic signals under both
normal and high iron conditions. Local signaling is mediated by iron
regulatory proteins (IRP1 and IRP2) (Scheers and Sandberg, 2014),
which bind to iron response elements (IRE) in the mRNAs encoding
factors associated with iron metabolism. In addition to IRP-mediated
regulation of cellular iron levels, iron metabolism is regulated sys-
temically, which is achieved by hepcidin synthesis/secretion regulatory
mechanism (Cassat and Skaar, 2013). Hepcidin, a peptide hormone
with antimicrobial activity predominantly expressed in the liver, plays
an essential role in maintaining normal iron homeostasis (Wang et al.,
2008). It regulates post-translationally ferroportin and thus controls
entry of iron into the plasma after absorption to enterocyte. Increases in
total body iron stores trigger the production of hepcidin, which sub-
sequently induces the internalization and degradation of ferroportin. As
ferroportin is present on the surfaces of macrophages, hepcidin also
decreases iron export after recycling by the reticuloendothelial system.
Synthesis and secretion of hepcidin by the liver is controlled by iron
stores within macrophages, inflammation, hypoxia, and erythropoiesis.
Macrophages communicate with the hepatocytes to regulate hepcidin
release into the circulation via different proteins such as BMP6 and
transferrin. Inappropriate production of hepcidin contributes to the
pathogenesis of various iron disorders. Hepcidin deficiency results in
the development of systemic iron overload because of excessive iron
absorption, whereas relative excess of hepcidin causes iron restriction
and anemia (Nemeth 2009). Hepcidin release from the liver is also
stimulated by pro-inflammatory cytokines and TLR4 activation. In ad-
dition to hepcidin production in the liver, macrophages synthesize
hepcidin in response to infectious agents, allowing for modulation of
iron availability at the infectious focus (Cassat and Skaar, 2013).

The relationship between low-grade inflammation, metabolically
triggered inflammation described as “metaflammation” (Dixit, 2008),
and iron status is well described (Ahmed et al., 2012; Aravindhan and
Madhumitha, 2016; Bailey et al., 2011; Fabersani et al., 2017; Li et al.,
2018; Moen et al., 2018; Mraz and Haluzik, 2014). This aspect of in-
flammation - “low grade” or metaflammation - is due to the dysfunction
of the immune system: at optimal level it confers protection against
pathogens; at the suboptimal level it leads to immunodeficiency; and at
supraoptimal level it leads to inflammation (Aravindhan and
Madhumitha, 2016; Fabersani et al., 2017). However, previous studies
have shown the existence of a highly responsive LPS - iron - IL-6-
hepcidin axis linking innate immunity, iron metabolism (Kemna et al.,
2005), and association of dysregulation of NF-kB, MAPK, or JAK-STAT
activity with inflammatory and metabolic diseases (Chen et al., 2017;
McNelis and Olefsky, 2014; Aravindhan and Madhumitha, 2016; Li
et al., 2018).

These data suggest that LPS, excess iron and/or high-fat diet-asso-
ciated metaflammation are mediated through a quaternary receptor
signaling complex containing iron-regulated pathway, IL-6/STAT in-
flammatory signaling pathway, hepcidin regulatory pathway, and
common TLR4/NF-kB signaling pathway.

Despite these excellent data and although many studies have fo-
cused on the beneficial metabolic effects of commensal bifidobacteria
and on the metabolic fate of an oral iron load, few (or no) have em-
phasized the LPS/iron/hepcidin — IL-6/STAT - TLR4/NF-kB - p8 MAPK
quaternary receptor signaling complex pathway. We, therefore, in-
vestigated the possible role of downstream signaling in the modulation
of cellular lipid metabolism by Bifidobacterium pseudolongum and
Bifidobacterium thermophilum in presence or absence of LPS, iron, or
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oleate, using a triple co-culture models consisting of enterocytes, he-
patocytes and macrophages and propose a new mechanism describing
the role of commensal bifidobacteria on the inhibition of meta-
flammation in response to excess nutrients (e.g., liron), energy, (oleate),
and LPS.

2. Material & methods
2.1. Materials, reagents, solutions, antibodies, and kits

Antibodies against the following proteins were purchased from Cell
Signaling Technology (Leiden, The Netherlands): phospho-JNK (pJNK,
Thr183/Tyr185), JNK, phospho-NF-kB p65 (p-NF-kB p65, Ser536), NF-
kB p65, IkBa, phospho-p38 MAPK (Thr180/Tyr182), p38 MAPK,
phospho-STAT3, STATS3.

A polyclonal rabbit anti-hepcidin 25 (ab30760) and primary anti-
bodies to DMT1 and TfR were purchased from Abcam (Berlin,
Germany). Actin and GAPDH antibodies were from Sigma-Aldrich
(Taufkirchen, Germany). Human IL-6 antibody (no. MAB206-100) was
purchased from R&D Systems (Bio-Techne GmbH, Wiesbaden,
Germany). All other antibodies, including horse-radish peroxidase-
COnjugated secondary antibodies (mouse and rabbit) were purchased
from Santa Cruz Biotechnology, Inc. (Heidelberg, Germany). IL-1f3 and
IL-6 ELISA kits were purchased from BD Biosciences (Heidelberg,
Germany). Cell-based ELISA kit for measuring cellular triglycerides was
purchased from Cayman Chemical (Biomol GmbH, Hamburg,
Germany). Human hepcidin ELISA kit for measuring hepcidin con-
centrations in cell-free supernatants were purchased from BioCat
(Heidelberg, Germany). TransAM NFxB colorimetric kits for measuring
NF-kB DNA binding activity was purchased from Active Motif Europe
(La Hulpe, Belgium). Ultra-pure LPS (E. coli 026:B6), Corning
Transwell®-COL inserts (Cat# CLS3493, Corning, 12-well, 0.4 pum,
12 mm), ferric citrate (F3388), sodium oleate (O-7501), and fatty acid-
free bovine serum albumin (BSA) were all purchased from Sigma-
Aldrich Chemie GmbH (Taufkirchen, Germany). DMEM/F-12 medium
was purchased from Fisher Scientific GmbH (Schwerte, Germany).

Stock solutions containing oleate were prepared by dissolving the
fatty acid in 50 % ethanol to a final concentration of 100 mM. The stock
solutions were then diluted to a final concentration of 1 mM oleate in
DMEM/F-12 culture medium containing 0.5 % fatty acid-free BSA. This
working solution was always freshly prepared and sterilized by filtra-
tion through a 0.22-um syringe filter.

Ferric citrate was dissolved in sterile deionized water by gentle
agitation and heating at 65 °C, followed by sterilization using a 0.22-um
(bacterial retentive) filter and storage at 4 °C. A working solution of 100
UM ferric citrate was always freshly prepared by dilution in DMEM/F-
12 culture medium. Cell cultures were exposed to the fatty acid or iron
for 24 h at which point the cell confluence was 70-80 %.

2.2. Bacterial strains and growth conditions

Species of bifidobacteria that have been characterized as iron-uti-
lizing (Kot et al., 1995) were used. These were: Bifidobacterium pseu-
dolongum (B. pseudolongum, DSMZ 20099 = ATCC 25526) and Bifido-
bacterium thermophilum (B. thermophilum, DSMZ 20212 or ATCC 25866).
Bacterial strains were propagated as previously described (Ghadimi
et al., 2011). Briefly, using a 0.02 % inoculum from stocks stored at
—80°C in 30 % glycerol, bacteria were grown anaerobically (The
Modular Atmosphere Controlled System, MACS-VA500 workstation
with airlock; Don Whitley Scientific Limited, Bingley, UK) in MRS broth
medium (Lactobacilli MRS according to de Man, Rogosa, Sharpe;
Merck, Darmstadt, Germany), at 37 °C for 12h. Colony forming units
(CFU) per ml of each bacterial culture were estimated as previously
described (Ghadimia et al., 2018). The bacterial cultures were cen-
trifuged at 4 °C at 5000 x g for 10 min. After washing three times with
endotoxin-free phosphate-buffered saline without Ca®** and Mg?*
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(DPBS; BioWhittaker, Lonza, Basel, Switzerland), the bacterial pellet
was suspended to 2 X 107 CFU in 50 pL of cell culture medium (see
below). This prepared suspension was added to cultures of HT-29/B6
cells to give bacteria-to-cell ratios of 10:1. Dilutions were also plated on
agar plates. After 48 h of incubation, colonies were counted to confirm
the accuracy of dilution and viability of bacteria.

As an established Gram-negative model organism, some preliminary
experiments were conducted with live, dead and cell-free culture su-
pernatants (CFS) of E. coli laboratory TG1 strain (DSM No.: 6056, K12
TG1 or Cat# BU-00035, Maxim Biothec Inc, CA, USA), rtespectively.
The TG1 strain was grown at 37 °C in Luria broth. E. coli K12, harvested
from aerobic, anaerobic, or oxygen-limited cultures, reduces Fe (III)
citrate, converting it to soluble Fe (II), which is the transportable/ab-
sorbable form of iron for intestinal absorptive cells [Cassat and Skaar,
2013; Williams and Poole, 1987]. For experiments with heat-killed
bacteria, the liquid cultures were heated to 95 °C for 30 min. To verify
that heat-treatment had successfully killed the bacteria, undiluted
bacterial suspensions were plated on appropriate agar plates. Only
suspensions not yielding colony-formation were used in the experi-
ments. However, a set of separate preliminary experiments were also
conducted with CFSs to elucidate whether CFS had immunomodulatory
effects in co-cultured cells. The supernatants were recovered by cen-
trifugation at 12000 rpm and 40 °C in an Eppendorf 5810 R (Eppendorf)
centrifuge for 10 min. CFSs were carefully removed, neutralized to pH
7.0 by the addition of 1 N NaOH, and concentrated ten-fold by lyo-
philization. The resulting supernatants were sterilized by passing
through 0.22-um pore size sterile and pyrogen-free filters (Sarstedt,
Niimbrecht, Germany). Aliquots of CFS samples were stored at —80 °C
until use. Viability assays were conducted after storage to exclude
contaminations or presence of viable cells. Fresh aliquots of samples
were thawed for every new experiment to minimize variations in the
samples between experiments. The supernatants were added to the co-
culture medium at concentrations of 7 % v/v (Bermudez-Brito et al.,
2013).

Endotoxins affect both in vitro and in vivo cell growth and function
(particularly stimulate IL-6 production) and are a source of significant
variability. Hence, the presence of LPS in the assays was determined in
the bifidobacteria cultures by a limulus amebocyte lysate assay
(BioWhittaker, Walkersville, MD). The LPS concentration in the ex-
periments with 10:1 bacterium-to-cell ratio was found to be less than
0.5 EU/mL.

2.3. Cell cultures and experimental model

We used a traditional three different cell types-based triple co-cul-
ture model, according to previously published procedures (Ghadimia
et al., 2018), in which polarized enterocytes (iron-absorbing cells),
hepatocytes (metabolizing cells), and macrophages (immune cells)
were assembled together to closely mimic the physiological in vivo si-
tuation, where hepatocytes interact with other cell types through so-
luble signalling factors. This co-cell culture models consisted of polar-
ized HT-29/B6 and/or T84 cells, HepG2 and/or Hu7h cells, and
HMDMs. to provide an opportunity for the co-culture of multiple types
of cells to mimic the in vivo conditions, where macrophages secrete
cytokines, such as IL-6, which in turn stimulate the liver to secrete -
among others - hepcidin. Also, in this model the metabolite pattern in
vivo in an inflammatory milieu and under excess available iron are more
adequately represented.

To assure only TLR4-mediated signaling, cells were treated with
ultrapure LPS. The cell cultures were periodically assessed for presence
of mycoplasma as described before (Ghadimia et al., 2018). The cell
cultures were always found to be free of any contamination.

2.3.1. Preparation of pure monoculture traditional 2D polarized enterocytes
A polarized monolayer of intestinal epithelial HT-29/B6 cells and
/or T84 cells with both apical (AP) and basolateral (BL) compartments
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was stabilized as previously described (Ghadimi et al., 2010). Briefly,
HT-29/B6 and/or T84 cells (1 x 10° cells per cm?) were grown in
Transwell®-COL inserts separating AP and BL compartments. To quali-
tatively determine confluence and formation of tight junctions of T84
cells, the TEER across the monolayer was monitored as previously de-
scribed (Ghadimi et al., 2009). T84 cells were utilized for experiments
after 3 weeks, when the confluent monolayers had formed. Only intact
polarized cell monolayers exhibiting a net resistance of > 1000 Q X
cm? were used. The polarized HT-29/B6 cells seeded on the AP surface
of the Transwell ®-COL membrane inserts, were maintained in a hu-
midified 37 °C incubator with 5 % CO, water saturated atmosphere for
14 days to allow for full differentiation of the cells. The medium was
changed every second or third day and the cells were passaged at ap-
proximately 80 % confluence. Stock cultures of HT-29/B6 and/or T84
cells were maintained in DMEM F-12 medium.

2.3.2. Preparation of pure monoculture traditional hepatocytes
Traditional 2D hepatocytes, human hepatoma cell lines HepG2,
and/or Huh7 (our laboratory stocks, ATCC/LGC, Wesel, Germany) were
grown under standard conditions as previously described (Ghadimia
et al., 2018). Briefly, HepG2 and/ or Huh7 cells at passage 62-65 were
seeded at the bottom of 12-well Transwell®-COL inserts (Cat# CLS3493,
Corning, 12- well, 0.4 pum, 12 mm) at 200,000 cells/well. Stock cultures
of HepG2 and/or Huh7 cells were maintained in minimal essential
medium (MEM) with Earle’s salt. We used two well-studied hepatic cell
lines, namely HepG2 and Hu7h cells, since constituting only one type of
human hepatocellular carcinoma cell line, cannot be regarded as being
representative of the primary hepatocytes. However, in all subsequent
experiments, we preferentially used HepG2 cells since they have been
employed extensively in the screening of LPS- and cytokine-induced
effects on lipid metabolism (Ghadimia et al., 2018), and they appear to
be a very suitable model for studying energy-dependent regulation of
the cellular iron metabolism and antioxidative effects of lactic acid-
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producing bacteria (Ghadimia et al., 2018; Kitaura et al., 2015; Scheers
et al., 2016).

2.3.3. Preparation of pure monoculture macrophages

Human monocyte-derived macrophages (HMDMs) were prepared
according to previously published procedures (Ghadimi et al., 2008,
2010, 2018, 2019).

2.3.4. 2D enterocytes-2D macrophages-2D hepatocytes triple cell co-culture
model

The triple cell co-cultivation models were set up as previously de-
scribed (Ghadimi et al., 2019) and as shown in Fig. 1 A-D. Direct
contact between HMDMs and HT-29/B6 was achieved through the
0.4 um pores of the membrane, while, in the case of HepG2 cells, only
bacteria-secreted factors could freely diffuse in the culture medium and
through the pores to reach the HepG2 cells. The combined cell lines
(done in triplicates) were allowed to equilibrate for another 24 h before
the experiments. B. pseudolongum and B. thermophilum (bacteria to cell
ratio of 10:1) in antibiotic-free DMEM-F-12 were added to the upper
reservoir of Transwell®-inserts containing confluent polarized HT-29/
B6 and/or T84 monolayers in the presence and absence of either excess
iron (100 pmol/L of ferric citrate) (Li and Frei, 2009) and oleate (1 mM)
or LPS (100 ng/ml), which was applied to the BL sides of the polarized
HT-29/B6 and/or T84 monolayers. The AP medium in all plates was
exchanged for freshly prepared DMEM-F-12, non-supplemented or
supplemented with iron. Iron concentration in AP chambers was
100 umol/L. Addition of LPS and measuring of TEER was done as de-
scribed previously (Ghadimi et al., 2019). Based on dose and time-
course experiments, HT-29/B6 monolayers were consistently con-
sidered in most of the experiments and their effects are preferably
shown in this study.

The bacterial pellet was diluted to 1 X 107 CFU in 50 ul of appro-
priate cell culture medium and was freshly added to cell cultures to
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Fig. 1. Schematic illustration of the three different cell type-based cell co-culture model showing experimental setup in the in vivo-mimicking trans-well system for
assessment of high-iron diet/LPS/oleate-mediated metaflammation and disrupted cellular energy metabolism. (A- D) Schematic drawing of the preparation of the in
vitro traditional triple cell co-culture model with HT-29/B6 and/or T84 cells, HMDMs and HepG2 cell mimicking the human intestine-liver inter-organ interactions.
In the beginning of culture period, the inserts were inverted with basal sides facing upwards and placed in a deep glass dish. HMDM cells were seeded onto the basal
sides at concentration of 5000 HMDM/insert (Ghadimi et al., 2010, 2018, 2019) (A). After three days of incubation, the HMDM were assumed to attach to the basal
sides of the inserts and the inserts were inverted to their original orientation. For the triple cell co-cultures setup, 5000 HT-29/B6 cells were seeded into inserts’ apical
sides (B). 12-well plates were seeded with HepG2 cells (C). Inserts were placed into the wells of 12-well plates (D).
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yield a bacteria-to-cell ratio of 10:1, which is a biologically relevant
dose of bacteria (Ghadimia et al., 2018).

The most commonly used doses of stimulators/inhibitors were
chosen based on manufacturer's protocols, our own preliminary ex-
periments, or previous studies. For example, the concentration of
oleate, 1 mM, was used as previously described (Ghadimia et al., 2018).
It has been shown that oleate had no cytotoxic effects at this con-
centration, but induced lipid accumulation in different cell types like
HepG2 cell (Kitaura et al., 2015). Stock fatty acid solution (100 mM) in
DMSO was prepared and added to the media as described previously by
Kitaura et al. (2015).

Ferric citrate, was used because (i) the majority of labile iron in
humans is found as a complex of ferric iron with citrate (Li and Frei,
2009), (ii) the toxicological effects of Fe (II) on enterocytes are higher
than those of Fe (III=), (iii) at comparable concentrations, Fe (II) can
cause higher LDH release values than Fe (III) (He et al., 2008).

After incubation, cell-free supernatants were collected from both
compartments (AP and luminal cell milieu of co-cultured cells) and
sterilized using 0.22 puM filters. These cell- and bacteria-free super-
natants were then used for measuring absorption of iron by the cells
(enterocytes) and levels of hepcidin, L-ferritin, IL-1 and IL-6. Iron
absorption by the cells and ferritin light chain were assessed en-
zymatically with an automatic Konelab™ 20 Clinical Chemistry
Analyzer (Thermo Fisher Scientific Inc., Waltham, MA, USA), loading a
drop of supernatant instead of serum. The levels of hepcidin, released
into the luminal cell milieu of co-cultured cells, were measured using
Human Hepcidin Quantikine ELISA Kit (R&D Systems (Bio-Techne
GmbH, Wiesbaden, Germany). IL-1f and IL-6 were quantified by
commercial ELISA kits were from BD Biosciences (Heidelberg,
Germany). Cell lysates were used for direct determination of cellular
triglycerides by cell-based ELISA Kit (BioCat, Heidelberg, Germany).

The effect of bacteria, iron, LPS, and oleate on cell viability was
determined by MTT assay. After harvesting culture supernatants and
recording TEER measurements, the assay medium was discarded from
the top well and Transwell® inserts were transferred to a new empty 24-
well plate. The conversion of water soluble MTT to an insoluble for-
mazan for each cell type was determined using in vitro Toxicology Assay
Kit, MTT based (Sigma-Aldrich (Taufkirchen, Germany).

2.4. Molecular assessments

2.4.1. TagMan real-time quantitative polymerase chain reaction (TagMan
RT-qPCR)

Cellular RNA from HT-29/B6, HMDMs and HepG2 cells was purified
using the RNeasy® Mini Kit (Qiagen Gmbh, Hilden, Germany) according
to the manufacturer’s instructions. Genomic DNA was removed by using
the RNase-Free DNase Set (Qiagen cat. no. 79254), according to the
manufacturer’s manual. Quality and quantity of RNA samples were
assessed as previously described (Ghadimi et al., 2009). Samples were
stored at —80 °C.

1pug RNA was transcribed to ¢cDNA using TagMan reverse tran-
scription reagents. qRT-PCR was performed in 50-ul volumes for the
indicated genes containing 25 ul TagMan® universal PCR Master Mix
with AmpliTaq Gold polymerase, 22.5ul TagMan® assays—on-demand
primer/probe mixture (BMP6: Hs01099594_m1; DMT1:
Hs00205888_m1; L-ferritin: Hs00830226_gH; ferroportin:
Hs00205888_m1; GAPDH: Hs99999903_m1; HAMP: Hs00221783_m1;
IL-6: Hs00174131_m1; STAT3: Hs01047579_m1; TfR1:
Hs00951083_m1; TLR2: Hs01872448_s1; TLR4: Hs00152939 m1), and
2.5 pl sterile ddH20 containing cDNA corresponding to 10 —20 ng RNA
(depending on the target gene). Reactions were run on an ABI PRISM
7000 Sequence Detection System (all reagents were purchased from
Applied Biosystems, Darmstadt, Germany). The results were analyzed
with the SDS software package version 2.1. qRT-PCR assays were per-
formed in at least three independent experiments. Besides the cDNA
sample, each TagMan assay included a fixed standard and a no-
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template control. The data for each sample were normalized to the
GAPDH mRNA level present in each sample, normalized again between
the samples to the levels of the indicated mRNA present in the control,
and then relative expression levels were determined. Two further ne-
gative controls (no RNA, no RT), in which RNA and RT product were
replaced by water during the RNA preparation and cDNA synthesis step,
were included to exclude any DNA contamination in RNA preparations
and cDNA synthesis step. Lack of DNA contamination in the PCR am-
plification step was verified by failure of PCR to produce any amplicon
in the absence of a cDNA template.

2.4.2. SDS-PAGE and Western blot (WB) analysis

Following removal of culture medium, cell monolayers were first
washed twice in sterile PBS. HT-29/B6, HMDM and HepG2 cells were
then harvested using a cell scraper. Crude membrane extracts were
prepared as described (Ghadimi et al., 2009 and 2018 WB analysis was
carried out as previously described (Ghadimi et al., 2009 and 2018).
Briefly, cells were lysed in ice-cold lysis buffer containing 50 mM Tris-
HCl, pH 8.0, 150 mM NacCl, 1 % Nonidet P-40, 0.5 % deoxycholate, 0.1
% SDS, 1 mM phenylmethyl sulfonyl fluoride, and 150 units/ml of
aprotinin. After centrifugation, protein samples were separated by SDS-
PAGE gel electrophoresis in running buffer, washed in Tris-buffered
saline with Tween-20, transferred to a nitrocellulose or PVDF mem-
brane and were analyzed by immunoblotting. Following successful
transfer, membranes were probed using antibodies specific to the target
proteins to assess the protein expression of total IL-6, total p38 MAPK,
phospho- p38 MAPK, IkBa and phospho- NF-kB p65 subunit (both as
nuclear translocation of NF-kB). Primary antibodies targeting IkBa
(1:1000), IL-6 (1:200), p-NF-kB p65 (1:1000), p-p38 MAPK (1:1000),
DMT1 (1:1000), hepcidin-25 (1:100), p-JNK (1:1000), p- STAT3
(1:1000) and TfR1 (1:1000) as well as secondary antibody conjugated
with horseradish peroxidase (HRP) (1:10,000) were used for protein
quantification. Detection of B-actin (Sigma-Aldrich (Taufkirchen, Ger-
many, 1:10,000 antibody dilutions) was used as control for equal
loading of protein. Blots were developed with enhanced chemilumi-
nescent (ECL) (Amersham Pharmacia Biotech). Band intensities were
quantified by 2D-scanning using a Hirschmann Elscript 400 densit-
ometer and the program SCAN 400 (Hirschmann, Unterhaching, Ger-
many).

2.4.3. NF-kB DNA binding activity assay

ELISA-based TransAM NF-kB colorimetric Kit (Active Motif Europe,
La Hulpe, Belgium) was applied according to the manufacturer’s in-
structions. Bifidobacteria were added to the apical compartment in the
presence of 100 pmol iron in the AP chamber, 100 ng LPS/ml in the BL
chamber, and 1 pmol oleate in the both AP and BL chambers. After
incubation for 24 h, whole-cell extracts from HepG2 (as liver cell model
and systemic target cells for bifidobacteria-secreted factors) were as-
sayed for overall NF-«xB p65 activity, by using the TransAM NF-«kB p65
transcription factor assay kit, and NF-xB luciferase reporter assay as
indicated below.

2.4.4. Transfection and NF-kB-dependent promoter luciferase reporter gene
assays

NF-kB promoter activity was determined as described previously
(Ghadimia et al., 2018 and 2019).

2.5. Statistical analysis

STATGRAPHICS Plus statistical software-Version 4.1 was applied
for statistical analysis. Data were treated by analysis of variance
(ANOVA). Because of a non-normal distribution of most of the data,
nonparametric Mann-Whitney U test was used to compare cytokine
data. This test allowed comparing data from cultures in the absence of a
bacterial strain with cultures in the presence of different strains. In the
case of cytokines data, all experimental data were expressed as the
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mean + SEM and were considered statistically significant when p <
0.05.

3. Results

In this presentation, we consistently considered the effects of live B.
pseudolongum, although B. thermophilum and dead B. pseudolongum were
also examined. The reasons for this were: i) B. pseudolongum modifies
colonic microbiota and increases mucus layer thickness in vivo (Mangin
et al., 2018); and ii) in our experiment and after 24 h incubation, TEER
values in live B. pseudolongum group were found to have the highest
levels.

3.1. Cell viability and cytotoxicity assay

The effects of bacteria, iron, LPS, and oleate on cell viability were
determined by MTT reduction assay. Total viable and nonviable cells
were counted by trypan blue exclusion and inclusion using a hemato-
cytometer as described previously (Ghadimi et al., 2010). All of the
components tested above and under these assay conditions, had no
statistically significant effect on overall cell viability (data not shown).

3.2. Transepithelial electrical resistance values across the monolayer of
polarized human enterocyte-like HT-29/B6 cells

The measurement of iron uptake by enterocytes has been described
previously and it has been shown that: (i) iron uptake occurs across the
AP membrane of enterocytes; (ii) transepithelial flux of iron from AP to
basal was low at pH 7.5; and (iii) approximately 96 % of apically ap-
plied iron is retained within the enterocytes (Tandy et al., 2000).
However, in our study, monitoring of HT-29/B6 transepithelial elec-
trical parameters was started immediately after mounting monolayers
into the Ussing chamber. During exposure to 100 uM iron in the apical
chamber, 100 ng LPS/ml in the BL chamber and 1 pM oleate in the both
AP and BL chambers and measurement of TEER were applied for per-
meability assessments. As shown in Fig. 2 for B. pseudolongum, we found
that the TEER values from cultured HT-29/B6 cells in control group
remained stable without significant changes in resistance throughout
the study. TEER values of B. pseudolongum groups remained almost
equal for 1 h after incubation. LPS significantly decreased TEER and the
TEER levels of LPS group remained the lowest through the 24 h period.
Oleate time-dependently decreased TEER. TEER values of iron group
decreased slightly over 24 h. However, bifidobacteria significantly in-
hibited the reduction in TEER induced by treatment with LPS, iron or
oleate.

3.3. Bifidobacteria reduced pro-inflammatory cytokines (IL-1f and IL-6)
released into the medium in luminal cell milieu of co-cultured cells

We next assessed whether bifidobacteria protected cells by influ-
encing the secretion of inflammatory cytokines. As shown in Fig. 3A
and B, stimulation with LPS, excess iron, or oleate resulted in sig-
nificantly increased secretion of IL-1f and IL-6 as compared with con-
trol cells (p < 0.01, Fig. 3A and B). However, this stimulated secretion
of both inflammatory cytokines was significantly decreased by treat-
ment with bifidobacteria (Fig. 3A and B).

3.4. Bifidobacteria rescued aberrant alteration in the LPS-iron-IL-6-
hepcidin axis, reflected in decreased cellular triglycerides and hepcidin in
HepG2 cells

We measured the amounts of hepcidin released into the medium in
luminal cell milieu of co-cultured cells and of cellular triglycerides le-
vels in HepG2 cells, to verify whether bacteria-secreted factors influ-
enced the biological functions of HepG2 cells. Our results showed that
the expression of protein levels of hepcidin in the LPS-, iron- or oleate-
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treated cells was significantly greater than in the control cells
(p < 0.01, Fig. 4A). However, treatment with bifidobacteria sig-
nificantly reduced this increase in hepcidin expression (p < 0.05,
Fig. 4A). There was a significant positive correlation between high
hepcidin and increased pro-inflammatory cytokine levels (IL-6)
(p < 0.001) (Fig. 3B). These results suggest that bifidobacteria-medi-
ated protection against HepG2 cells-derived elevated hepcidin pro-
duction may be regulated via IL-6 secretion from HMDMs.

Because any disturbance in the above indicated quaternary receptor
signaling complex ultimately leads to impaired cellular lipid metabo-
lism, and because cellular triglyceride levels presumably reflect a
complex interplay between substrate (most notably iron) availability,
LPS- and/or oleate-mediated triglyceride assembly and excess iron-in-
duced inflammation (Ahemd et al., 2012), we also measured cellular
triglycerides. As shown in Fig. 4B, bifidobacteria-mediated inhibition of
hepcidin in HepG2 cells is paralleled by reduced cellular triglyceride
contents. Relatively similar results were obtained with hepatic Huh7
cells (data not shown).

3.5. Bifidobacteria regulate mRNA expression of key genes whose alteration
in the LPS-iron-IL-6-hepcidin axis confers low grade inflammation

To confirm the role of iron-IL-6-hepcidin axis at the intersection of
cellular lipid metabolism and inflammatory pathways in response to
LPS, iron, or oleate, we investigated the effects of bifidobacteria
treatment on the expression of key genes whose alteration in the LPS-
iron-IL-6-hepcidin axis confers low grade inflammation. As shown in
Fig. 5A-E, our TagMan qRT-PCR analyses revealed that bifidobacteria
downregulated mRNA expression of BMP6 (A), DMT1 (B), TfR1 (C) and
TLR4 (D) in enterocytes (here polarized HT-29/B6 cells) following ex-
posure to excessive extracellular LPS, oleate and iron. However, the
patterns of ferroportin and TLR2 mRNA expression (C and E) were quite
the opposite to those of TLR4 and above indicated genes. Our findings
are in agreement with previous studies (Drakesmith et al., 2015, Re-
view) by showing that LPS/TLR4-induced inflammation decreases the
expression of ferroportin.
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Fig. 2. Effect of LPS, excess iron and oleate on the barrier integrity of intestinal
epithelial cells in traditional triple co-culture system consisting of intestinal
enterocytes, macrophages and hepatocytes. Bifidobacteria were added to the
apical compartment in the presence of 100 uM iron in the apical chamber,
100ng LPS/ml in the basolateral chamber, and 1 pM oleate, respectively, in
both apical and basolateral chambers. Incubation was for up to 24 h. Averages
and standard error of the mean (SEM) of 3-5 experiments run in duplicate are
shown. Asterisks (*) and (**) indicates significant level versus control p <
0.05. The symbol () indicates p < 0.05 between basolateral LPS alone and
basolateral LPS plus bifidobacteria; excess iron alone and excess iron plus bi-
fidobacteria, and oleate alone and oleate plus bifidobacteria, respectively.
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Fig. 3. Effects of bifidobacteria on the secretion of cytokines into the medium in
luminal cell milieu of co-cultured cells following exposure to LPS, excess iron,
and oleate, respectively. Addition of bifidobacteria was as described in Fig. 2.
Incubation was for 24 h. Levels of IL-13 (A) and IL-6 (B) in the culture super-
natants were measured by using ELISA. All data were expressed as the mean
+ SEM (n = 4-6). *p < 0.05, vs. the control group; ¥ p < 0.05, vs. the group
with LPS alone, group with iron alone, and group with oleate alone, respec-
tively.

3.6. Bifidobacteria regulate mRNA and protein expression of hepcidin
inducer IL-6 in HMDMs

To verify whether co-cultured HMDMs - in response to LPS, iron, or
oleate - secreted inflammatory markers that affected the HepG2 cells, we
assessed both mRNA and protein levels of IL-6 in HMDMs by using qRT-
PCR assays and WB, respectively. As shown in Fig. 6A, we observed that
after 24-h incubation, bifidobacteria decreased the mRNA expression of IL-
6 in HMDMs following exposure of co-cultured cells to LPS, iron citrate, or
oleate. Fig. 6B shows a representative WB (upper panel) and the densi-
tometric analysis (lower panel) of IL-6 protein levels, which confirms the
decreasing effect of bifidobacteria on expression at the protein level.

3.7. Bifidobacteria regulate mRNA expression of key genes whose alteration
in the LPS-iron-IL-6-hepcidin axis confers disrupted cellular lipid metabolism
in HepG2 cells

Hepcidin is increased by inflammation as a host defense mechanism
to limit extracellular iron availability to microbes (Girelli et al., 2016).
We therefore examined the mRNA expression levels of hepcidin, L-
ferritin, and STAT3 in HepG2 cells in co-cultured cells.
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Fig. 4. Bifidobacteria attenuate the protein expression of hepcidin, released
into the medium in luminal cell milieu of co-cultured cells, and cellular tri-
glycerides following exposure to LPS, excess iron or oleate. Addition of bifi-
dobacteria was as described in Fig. 2. Incubation was for 24 h. Levels of hep-
cidin (A) and cellular triglycerides (B) were detected in culture media and in
cell lysates from HepG2 cells, respectively. All data were expressed as the
mean = SEM (n = 4-6). *p < 0.05, vs. the control group; ¥ p < 0.05, vs. the
group with LPS alone, group with iron alone, and group with oleate alone,
respectively.

Our results showed that the expression of mRNA levels of hepcidin
in the LPS-, iron, or oleate- treated cells were significantly increased
compared to control cells (p < 0.01, Fig. 7A). However, treatment
with bifidobacteria significantly reduced these increases (p < 0.05,
Fig. 7A). Furthermore, there was a significant positive correlation be-
tween protein (Fig. 4A) and mRNA expression levels of hepcidin in
HepG2 cells. Finally, there was a significant positive correlation be-
tween high hepcidin levels and increased pro-inflammatory cytokine
(IL-6) (p < 0.001) (Fig. 3A and B). These results suggest that bifido-
bacteria-mediated protection against HepG2 cells-derived elevated
hepcidin production may be regulated via IL-6 secretion from HMDMs.
It is likely, of course, that in our HepG2 cells a post-transcriptional
regulation of the ferritin had also occurred, as evidenced by the lack of
correlations between ferritin subunit protein and mRNA.

However, downregulated expression results, similar to those re-
ported above, were obtained for ferritin light chain mRNA (Fig. B), and
STATS3 (Fig. 7C) in hepatocytes (here HepG2 cells). Our findings agree
with previous studies (Torti and Torti, 2002, Review) by showing that
LPS elicits a variety of reactions that involve ferritin and TLR4 (Philip
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Fig. 5. Influence of bifidobacteria on gene expression responses of triple cell co-culture system following exposure to LPS, excess iron, and oleate, respectively (A-E).
Addition of bifidobacteria was as described in Fig. 2. Incubation was for 24 h. mRNA levels relative to those of GAPDH were determined by TagMan RT-PCR. BMP6
(A), DMT1 (B), ferroportin and TfR1 (C), TLR4 (D) and TLR2 (E) mRNA were first evaluated in HT-29/B6 cells. All data were expressed as the mean = SEM
(n = 4-6). *p < 0.05, vs. the control group; § p < 0.05, vs. the group with LPS alone, group with iron alone, and group with oleate alone, respectively.

et al., 2016) and stimulates the rate of iron oxidation (Roth et al.,
2000).

3.8. The bifidobacteria-mediated regulation of BMP6, DMT1, ferroportin,
TLR2 and TLR4 mRNA is reflected in protein levels, invoking translational
regulation

To validate and correlate the levels of the indicated transcripts (as

representative) with those of the proteins, we measured also the levels
of BMP6, DMT1, ferroportin, TfR1, TLR2 and TLR4 proteins by WB
analysis. As shown in Fig. 8A-F, WB and densitometry analyses showed
increased protein levels of BMP6, DMT1, ferroportin, TfR1, and TLR4 in
the LPS-, iron-, or oleate-treated cells, compared with the control cells
(Fig. 8A, B, C, E and F, respectively). However, treatment with bifido-
bacteria significantly reduced these increases. Interestingly and similar
to the transcriptional profile, the patterns of ferroportin (Fig. 8A, D) and
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Fig. 6. Influence of bifidobacteria on the mRNA and protein expression of key
inflammatory response gene, namely macrophage-derived IL-6, following ex-
posure of triple cell co-culture system to LPS, excess iron, and oleate, respec-
tively. Addition of bifidobacteria was as described in Fig. 2. Incubation was for
24 h. (A) Total RNA extraction (from HMDMs), analysis and cDNA conversion
were performed as indicated in Material & Methods Section (2.4.1.). mRNA
levels of IL-6, relative to those of GAPDH, were assessed using TagMan RT-PCR.
(B) Western blot upper panel) and densitometry analysis (lower panel) of
hepcidin inducer IL-6 protein in HMDMs. The protein bands were quantitated
by densitometry, expressed relative to actin, and normalized to values of un-
treated control cells. Lane 1, control; lane 2, LPS; lane 3, iron; lane 4, oleate;
lane 5, control + B. pseudolongum; lane 6, LPS + B. pseudolongum; lane 7, iron
+ B. pseudolongum; lane 8, oleate + B. pseudolongum. Values plotted are
means + SEMs from at least three independent experiments. *p < 0.05, vs.
the control group; § p < 0.05, vs. the group with LPS alone, group with iron
alone, and group with oleate alone, respectively.

TLR2 (Fig. 8A and F) protein expression were quite the opposite to
those of TLR4.

3.9. The bifidobacteria-mediated regulation of ferritin, hepcidin, TfR1, and
STAT3 mRNA is reflected in protein levels, invoking translational regulation

To validate and correlate the levels of the indicated transcripts (as
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Fig. 7. Influence of bifidobacteria on gene expression of important regulators of
links within and across immune response, inflammation, iron hematopoiesis
networks following exposure of triple cell co-culture system to LPS, excess iron,
and oleate, respectively. Addition of bifidobacteria was as described in Fig. 2.
Incubation was for 24 h. mRNA levels of HAMP (A), ferritin light chain (B), and
STAT3 (C) were quantified in HepG2 cells by using TagMan RT-PCR. All data
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group with oleate alone, respectively.
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Fig. 8. Western blots (A) and densitometry analyses of protein levels of BMP6 (B), DMT1 (C), ferroportin (D), TfR1 (E), TLR2 and TLR4 (F), respectively, in polarized
HT-29/B6 cells following exposure of triple cell co-culture system to LPS, excess iron, and oleate, respectively. Addition of bifidobacteria was as described in Fig. 2.
Incubation was for 24 h. Cell extracts were separated by SDS-PAGE. Separated protein bands were analysed by Western blots as described in Materials and Methods.
B-actin was used to normalize total proteins. (A) Addition of samples to lanes was the same as in Fig 6. (B-F) Densitometry data generated are shown as mean
+ SEM of three independent experimentes. *p < 0.05, **p < 0.01 vs. the corresponding control. $p < 0.05, ¥p < 0.01 vs. no bacteria. B.p, B. pseudolongum.

representative) with those of the proteins and hepcidin-25 peptide,
whole HepG2 cells lysates were subjected to WB for the detection of
ferritin, hepcidin-25 peptide, TfR1, and p-STAT3. As shown in
Fig. 9A-E, WB and densitometry analysis showed increased protein
levels of L-ferritin, hepcidin, and TfR1 proteins in the LPS-, iron or

10

oleate- treated cells, compared with the control cells (Fig. 8A, B, C, E
and F, respectively). However, treatment with bifidobacteria sig-
nificantly reduced the increases in those proteins induced by LPS, iron
or oleate. Additionally, LPS-, excess iron-, and oleate-induced phos-
phorylation of p-STAT3 Ser727 was inhibited by bifidobacteria (Fig. 9A
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and E). How bifidobacteria inhibit LPS-, excess iron-, and oleate-in-
duced STAT3 phosphorylation still remains to be determined.

3.10. Modulation effects of bifidobacteria on the LPS/iron/oleate-mediated
impaired iron-IL-6-hepcidin signaling axis ultimately leads to mitigated NF-
kB activity

To clarify the molecular mechanism of bifidobacteria during LPS-,
excess iron-, and oleate-stimulated low grad inflammation, we also
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assessed transcription factor expression and phosphorylation of various
signaling molecules by WB analysis. First, we determined the protein
expression levels of NF-kB signaling pathway molecules, including
phosphorylated IkBa (p-IkBa), p38 MAPK (p- p38 MAPK) and NF-kB
p65 subunit (p-NF-kB p65) by using WB. As shown in Fig. 10 A and B,
WB and densitometry analysis show significantly increased levels of
phosphorylated IkBa (p-IkBa) in HepG2 cells in response to LPS, excess
iron, or oleate. In contrast, exposure to B. pseudolongum in combination
with LPS, iron, or oleate significantly suppressed IxkBa phosphorylation.
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Fig. 9. Western blot (A) and densitometry analysis of protein/peptide levels of ferritin (B), hepcidin (C), TfR1 (D) p-STAT3 and total STAT3 (E), respectively, in
HepG2 cells following exposure of triple cell co-culture system to LPS, excess iron, and oleate, respectively. Addition of bifidobacteria was as described in Fig. 2.
Incubation was for 24 h. (A) Addition of samples to lanes was the same as in Fig. 6. (B-E) Densitometry data generated are shown as mean +/— SEM of three
independent experimentes. *p < 0.05 vs. the corresponding control. ®p < 0.05 vs. the corresponding unphosphorylated STAT3 protein levels. 5p < 0.05 vs. no

bacteria. B.p, B. pseudolongum.
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Furthermore, we observed a strong induction of phosphorylation (p-NF- an indicator of its nuclear translocation and the NF-kB activation state
kB p65 subunit) after LPS, iron, or oleate treatment, compared with the (Ghadimi et al., 2010). On the other hand, the results showed that LPS,
control cells,which was abolished by B. pseudolongum treatment iron, or oleate enhanced the expression level of phosphorylated p38

(Fig. 10A and D). The increased phosphorylated NF-kB p65 subunit is MAPK, while addition of B. pseudolongum prevented this
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Fig. 10. Bifidobacteria inhibit LPS-, iron-and oleate-induced IkBa phosphorylation/degradation, p38 MAPK phosphorylation and NF-kB transcriptional activity in
HepG2 cells co-cultured with HT-29/B6 cells and HMDMSs. Western blots (A) and densitometry analyses of protein levels of phosphorylated IkBa (p-IkBa) (B),
phosphorylated p38 MAPK (p-p38 MAPK) (C), and phosphorylated NF-kB 65 (p- NF-kB 65) (D), respectively, in HepG2 cells following exposure of triple cell co-
culture system to LPS, excess iron, and oleate, respectively. Addition of bifidobacteria was as described in Fig. 2. Incubation was for 24 h. (A) Addition of samples to
lanes was the same as in Fig. 6. (B-D) Densitometry data generated are shown as mean *= SEM of three independent experimentes. *p < 0.05 vs. the corresponding
control. p < 0.05 vs. no bacteria. (E): NF-xB p65 DNA binding activity of nuclear extracts from HepG2 cells was measured using the TransAM NF-kB p65
transcription factor assay kit. (F) NF-«xB p65 promoter activity measured by luciferase assay. HepG2 cells, transiently co-transfected with AA5SNF-xB-LUC (M of 5) for
12 h, were seeded on the bottom surface of the culture inserts (Transwell) in triple co-culture system and then treated with LPS, iron and oleate, respectively, and
bifidobacteria as described in Fig. 2. Incubation was for 24 h. Luciferase activity is expressed as fold increase over control determined as the mean + SEM of three
independent experiments measured in triplicates. *p < 0.05 vs. control;.®p < 0.05 indicates the differences in the presence of B.p relative to the medium control

group; # p < 0.05 vs. Vehicle. B.p, B. pseudolongum.
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phosphorylation (Fig. 10A and C). The ultimate outcome of these effects
was, however, reflected in the decline in NF-kB activity. As shown in
Fig. 10E and F, B. pseudolongum suppressed LPS-, iron-, and oleate-in-
duced overall NF-«xB p65 activation (determined by TransAM NF-kB p65
transcription factor assay and NF-kB-dependent promoter luciferase
reporter gene assays). As a consequence, the p65-mediated expression
of inflammatory genes (Fig. 3A and B) was significantly reduced.
However, to provide mechanistic hints for these effects, we assessed
the effects of dead B.p and its CFS on expression of key IL-1f3, IL-6 and
hepcidin. As shown in Fig. 11 A, in LPS-, iron-, and oleate-treated co-
cultured cells, we found that IL-1f, IL-6 and hepcidin secretion was
lower when co-cultured cells were treated with dead B.p or its CFSs.
However, secretion and elevation of LPS-, iron-, and oleate-induced
cytokines and hepcidin was negligibly decreased by dead B.p compared
to that of CFS of B.p strain. Accordingly, hepcidin expression in co-
cultured HepG2 cells stimulated with LPS, with iron, or with oleate was
inhibited by both dead B.p and its CFS (Fig. 11C and D), suggesting that
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dead B.p and its CFS regulate hepcidin production downstream of pro-
inflammatory cytokines. Overall, these results show the importance of
bacterial cell-surface structures and metabolites in immunometabolic
modulatory axes activities. However, these results showed that killed
B.p and its CFS exhibited the immunometabolic modulatory effects as
well as live B.p, but effects of live B.p were generally better than those
of dead B.p and CFS of B.p. These differences may be due either to direct
contact of B.p with enterocytes, utilization/metabolization of iron and
oleate, fragmentation of the surface-associated structural components
(e.g., PGN, LTA etc.), or all. Therefore, only the effects of live B.p have
been shown. In addition, note that in Fig. 11(D), an established Gram-
negative E-. coli strain (K12 TG1) was compared against Gram-positive
B.p for its ability to inhibit cytokines and hepcidin secretion in a triple
co-cultured model representative of the human intestine-liver inter-
organ interactions. Our study showed that E. coli TG1 did not inhibit
LPS-, iron-, or oleate-induced secretion of cytokines and hepcidin.
However, its live form synergized with LPS to increase (albeit not
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Fig. 11. Patterns of cytokines and hepcidin secretion by Gram-positive B. pseudolongum and Gram-negative E. coli strain K-12 TG1. (A) Inmunomodulating effects of
heat-killed B. pseudolongum and their cell-free supernatants (CFS) on LPS-, iron-, and oleate-induced, IL-1f, IL-6, and hepcidin levels in the culture medium of co-
cultured cells. (B) TagMan RT-PCR analysis of relative hepcidin mRNA in co-cultured HepG2 cells in the co-culture system. (C) Representative immunoblot analysis
of hepcidin and B-actin in co-cultured HepG2 cells in the co-culture system (upper panel). Lane 1, control; lane 2, LPS; lane 3, iron; lane 4, oleate; lanes 5-7, LPS, iron
and oleate, respectively, with dead B. pseudolongugum; lanes 8-10, LPS, iron and oleate, respectively, with CFS. Intensity of hepcidin bands were normalized to (3
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D. Ghadimi, et al.

statistically significant) secretion of these markers. However, future
trials are planned to test if pathogenic bacteria can be injurious or unfit
in this model.

How bifidobacteria, their soluble factors or CFSs inhibit LPS-, iron-,
and oleate-induced NF-kB activity and the precise characterization of
the active molecules and their mechanism of actions still remain to be
determined exactly. It has been suggested that bifidobacteria-mediated
inhibition of the NF-kB activity is due to a biologically active compound
with proteinaceous nature, which is stable under a variety of tem-
perature and pH conditions (Wang et al., 2011).

4. Discussion

There is evidence that bifidobacteria can internalize and utilize iron.
Efficient competition for iron is a key factor for bacterial growth, per-
sistence and establishment in the intestine (Ahmed et al., 2012; Zhu
et al., 2015). Despite these evidences, the precise molecular basis and
biochemical causes are, however, not well understood.

We observed that bifidobacteria attenuated LPS-, iron-, or oleate-
induced secretion of IL-1f and IL-6 into the medium in luminal cell
milieu of co-cultured cells (Fig. 3A and B). Among these, IL-6 is a key
soluble mediator with a pleiotropic effect on metaflammation (Tolusso
et al., 2018), lipid metabolism (Kern et al., 2018), and immune re-
sponse (Tanaka et al., 2014).

In the real living body, enterocytes, macrophages and hepatocytes
are integrated via local and systemic signaling pathways. Macrophages
play a pivotal role in iron homeostasis through recycling of host iron-
containing compounds (Cassat and Skaar, 2013). Both IL-6 and hep-
cidin are crucial signaling molecules between macrophages and hepa-
tocytes and key regulators of a variety of processes including iron/lipid
metabolism and response to bacterial components (Auguet et al., 2017;
Ganz and Nemeth, 2012). Hepcidin transcription is prominently in-
creased by inflammation, predominantly through the activity of IL-6, its
receptor and its canonical JAK-STAT3 pathway (Ganz and Nemeth,
2012). Therefore, we explored both the transcriptional and transla-
tional levels of IL-6 in co-cultured HMDMs. We found that, concomitant
with decreases in IL-6 protein secretion, bifidobacteria inhibited IL-6
transcription/ translation (determined by qRT-PCR and WB) (Fig. 6A
and B).

In order to know whether the effect of bifidobacteria on macro-
phages-derived IL-6 is also intersectionally signalized to the co-cultured
HepG2 cells, and to unravel the role of bifidobacteria on macrophages-
hepatocytes interplay in the context of cytokine/hepcidin networking,
we evaluated transcription and translation levels of hepcidin in HepG2
cells. Our TagMan qRT-PCR and WB analysis revealed that, con-
comitant with decreases in hepcidin protein secretion (Fig. 4A), bifi-
dobacteria downregulated mRNA and protein expression of hepcidin
following exposure to excessive extracellular LPS, oleate, and iron. Si-
milar results were observed for the other genes, namely ferritin light
chain, STAT3 and in HepG2 cells (Figs. 7A-C and 9 A and E). These
results suggest that components of the tested bifidobacteria indirectly
influence hepatocytes (here HepG2 cells), thus attenuating upstream
signal transduction of IL-6-dependent induction of hepcidin production
by preventing secretion of the hepcidin inducer IL-6 from macrophages
(here HMDMs).

At the first cellular and molecular level and at the area where iron
absorption takes place, we observed that applied bifidobacteria could
significantly repress mRNA and protein expression of BMP6, DMT1,
TfR1 and TLR4 in enterocytes (here HT-29/B6 cells) following exposure
to LPS or iron (Figs. 5 and 8). The genes affected are key iron/
LPS-signal regulatory genes whose experimental loss or gain-of-func-
tion results in significant disruption of cellular iron and lipid metabo-
lism (Ahmed et al., 2012; Auguet et al., 2017; Kell and Pretorius, 2015;
Li and Frei, 2009; Yilmaz and Li, 2018).

Because NF-kB, p8 MAPK, and JAK-STAT signaling pathways and
their combined tertiary structure determines critical aspects of
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transcription factor activity in the cellular iron/lipid metabolism and
the inflammatory response following exposure to excess iron and bac-
terial stimuli (Aravindhan and Madhumitha, 2016; Chen et al., 2017; Li
et al., 2018; McNelis and Olefsky, 2014), we next assessed NF-kB sig-
naling pathway molecules and overall NF-kB activity. For this, we
preferably focused on co-cultured hepatocyte-like HepG2 cells, because
the liver is the ultimate and indirect target of circulating gut bacteria-
derived signaling molecules or components. Further, it has been shown
that increased iron uptake from the GI tract leads to increased iron
uptake into and impaired iron release from the liver, which ultimately
causes excessive iron accumulation in the liver (Hoki et al., 2015). As
shown in Fig. 10A-E, we found that bifidobacteria attenuated the LPS-,
iron-, and oleate-enhanced phosphorylation of IkB-a, p38 MAPK and
NF-kB p65 subunit in HepG2 cells. As a consequence, overall NF-kB p65
activation and p65 mediated expression of inflammatory genes were
significantly reduced (Figs. 3 and 6). The increased phosphorylated
IkBa and nuclear NF-xB p65 protein level are indicators of the increased
NF-kB activity (Ghadimia et al., 2018). In these experiments, accuracy
and reproducibility of quantitative WB analysis was improved using
densitometry analysis of WB. Similar effects were observed for phos-
phorylation of STAT3 when cells were treated with bifidobacteria. The
ultimate outcome of these effects, was, however, reflected in the decline
in hepcidin production by HepG2 cells (Fig. 4A) as well as cellular in
triglyceride contents of HepG2 cells (Fig. 4B).

To validate our results described above and further confirm that
bifidobacteria-mediated regulation of LPS/iron/oleate-IL-6/STAT-
TLR4/NF-kB-p8 MAPK quaternary signaling pathway ultimately led to
the decline of cellular triglyceride contents as an early predictive
marker for metaflammation, we measured also cellular triglyceride
contents in HepG2 cells. We observed that the addition of bifidobacteria
declined LPS-, and oleate-induced cellular triglycerides contents in
HepG2 cells. This implies that - although the bifidobacteria, which were
added to the AP chamber had no direct interaction with hepatocytes -
their MAMPs indirectly and via upstream signal transduction of cyto-
kines (IL-1f and IL-6) production affected the cellular lipid metabolism.

Previous studies, along with ours, explain plausibly how bifido-
bacteria may affect the NF-kB-p8 MAPK-STAT tertiary signaling com-
plex pathway-mediated lipid synthesis in hepatic cells under in vivo
milieu. Under inflammatory conditions in vivo, LPS, excess extracellular
iron, and high-fat diet increase the proportion of LPS-containing gut
bacteria and increase intestinal permeability. This leads to elevated
circulating endotoxin concentrations and induced inflammatory bio-
markers in the intestine and other tissues and organs. Increased circu-
lating levels of LPS triggers TLR4/NF-kB signalling, which is accom-
panied by aberrant activation of IL-6-hepcidin axis and lipid/iron
metabolism master genes BMP6, DMT1, hepcidin, ferritin, IL-6, TfR1, T
STAT3 and TLR4 (Calzolari et al., 2010; Jaeggi et al., 2015; Okada
et al., 2009; Paganini and Zimmermann, 2017; Schmidt, 2015; Zhang
et al., 2017). The exact role and the molecular consequences of these
alterations are i) inflammation-induced activation of the IL-6-hepcidin
axis, which disrupts iron absorption and iron recycling and storage in
related sites, namely in enterocytes, macrophages, and hepatocytes,
respectively, and ii) increased expression of pro-inflammatory genes,
which strongly correlate with insulin resistance, weight gain, adiposity,
plasma insulin and glucose, impaired normal cellular lipid metabolism
etc. as hallmarks of metabolic syndrome and metaflammation (Ahmed
et al., 2012; Aravindhan and Madhumitha, 2016; Dongiovanni et al.,
2015; Ghadimia et al., 2018, 2019; Kell and Pretorius, 2015; Li and
Frei, 2009; Meli et al., 2013).

Therefore, the proposed mechanisms and biological molecules, by
which bifidobacteria, exert their multitude of effects, is a membrane-
based signal from the bacteria or secreted factors (Deschemin et al.,
2016; Ghadimia et al., 2018 and 2019). However, it has been shown
that lactic acid bacteria and bifidobacteria are capable of utilizing/
metabolizing iron and oleate, making them unavailable to enterocytes
and harmful microorganisms (Bezkorovainy et al., 1996; Kishino et al.,
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2013; Kot et al., 1995; Paganini and Zimmermann, 2017; Vazquez-
Gutierrez et al., 2015). They effectually prevent gut inflammation as-
sociated with high-fat-diet, endotoxin, or excess iron (Cani et al., 2007;
Okada et al.,, 2009; Paganini and Zimmermann, 2017; van den
Munckhof et al., 2018).

In general, growth of bacterial cells is faster than that of mammalian
cells (Ghadimi et al., 2019). To exclude unintended effects, to keep
reproducibility, and to get reliable/authentic results in experiments
where living bacteria were co-cultured with human tissue in the culture
system, a subset of separate experiments was also conducted with dead
B. pseudolongum. The culture supernatant including secreted metabolic
components from B. pseudolongum decreased protein levels of pro-in-
flammatory cytokines (Fig. 11A-D), suggesting that bio-active meta-
bolites or other soluble substances of bifidobacteria are associated with
reduced key markers of inflammation.

Together, a schematic diagram showing how commensal bifido-
bacteria impact on iron/cellular lipid metabolism under inflammatory
conditions and on interactions among key biological molecules, which
have been studied in this study, is shown in Fig. 12. Bacterial products
(e.g.,LPS), excess iron, and dietary fatty acids impact via TLR4 on iron/
cellular metabolic/inflammatory pathways through the NF-xB, IL-6/
STAT3 and p38 MAPK tertiary signaling complex pathways, which is a
nexus for iron/lipid metabolism and cellular signaling (Arndt et al.,
2010; Verga Falzacappa et al., 2007). LPS-, excess iron-, and oleate-
treatment activates the NF-kB pathway by phosphorylation (p) of NF-xB
p65 protein, subsequent nuclear localization, and IkBa degradation

Apical-Applied Bifidobacteria
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(Ub, ubiquitin). Once in the nucleus, phosphorylated NF-kB dimers bind
to the promoters of IL-6, IL-1f3, and hepcidin and induse gene tran-
scription. IL-6 and IL-13 mRNA are translated into protein and secreted
into the medium. Hepcidin mRNA is also translated into protein and
acts as a positive regulator of IL-6/STAT3, provoking STAT3 activation
and metaflammation. However, commensal bifidobacteria and their
soluble factors modulate this process through simultaneous utilization/
metabolization of LPS, iron, and oleate, making them unavailable to
enterocytes (Arndt et al., 2010; Bezkorovainy et al., 1996; Kishino
et al., 2013; Kot et al., 1995; Paganini and Zimmermann, 2017; Philip
et al., 2016; Vazquez-Gutierrez et al., 2015) and inhibiting IxkBa de-
gradation (Ghadimi et al., 2019). Black lines signify activating con-
nections, whereas red lines signify inhibitory inputs between key reg-
ulatory biological molecules.

Considering the functional similarities between the in vivo milieu
and our in vitro model, our experiments may be evidently regarded
somewhat artificial. Based on the limitations of this in vitro model,
extrapolations to in vivo effects must be considered with caution.
Evidently further in vivo/in vitro studies are required to understand the
precise mechanisms and to elucidate whether this modulation might be
useful in the alleviation of intestinal inflammation and metabolic dis-
eases. In any case, the findings presented here i) support suggestions
that pharmacological and/or nutritional strategies aiming at suppres-
sing various steps of endotoxin/ excess iron/high fat diet-triggered in-
flammation by reducing intestinal-barrier permeability, cellular meta-
bolism pathways (TLR4/NF-kB-p8 MAPK-IL-6/STAT), and expression

Apical-Applied Iron Enterocytes
Apical/Luminal-Applied Oleate
Luminal-Applied LPS Macrophages
. Hepatocytes
TLR 4 High Iron

Soluble factor of Bifidobacteria

IkB
degradation

NF-kB
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IL-1B3 and IL-6
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Fig. 12. Schematic diagram showing how commensal bifidobacteria and their soluble factors regulate the molecules and signal transduction pathways involved in
cellular iron/lipid metabolism under inflammatory conditions and how key regulatory biological molecules studied in this study interact with each other. See text for

further information.
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of LPS/lipid/ iron metabolism master genes (BMP6, DMT1, hepcidin, L-
ferritin, IL-6, TfR1, STAT3 and TLR4) may be beneficial in both excess
iron and high fat diet/endotoxin-associated metaflammation (Ghadimi
et al., 2019; Gregor and Hotamisligil, 2011; Kell and Pretorius, 2015;
Marmur et al., 2018; Means, 2013; Torti and Torti, 2002); and ii) may
explain the molecular and biochemical basis by which commensal bi-
fidobacteria participate in the homeostatic regulation of iron and me-
tabolic processes and by which they improve metabolic diseases-related
biomarkers in excess iron and caloric consumption situations like high
fat diet-induced inflammation in vivo (Dongiovanni et al., 2015;
Ghadimi et al., 2019; Meli et al., 2013). This is caused on one hand, by
inhibition of TLR4/NF-kB-p8 MAPK-IL-6/STAT tertiary signalling
complex pathway, hepcidin production, cellular triglyceride synthesis,
and particularly IL-1f3 and IL-6 secretion in LPS/iron/oleate-stimulated
IECs, HMDMs or hepatic cells. On the other hand, it is caused by up-
regulation of the activity of the iron exporter ferroportin and TLR2,
which is associated with the suppression of peripheral inflammatory
responses, thereby preventing leukocyte accumulation at inflamed sites
(McKimmie et al., 2009), and preventing metabolic impairments due to
excess free fatty acids, HFD (Meli et al., 2013; Dongiovanni et al., 2015;
Wan et al., 2014), and complements the in vitro and in vivo observations
of anti-inflammatory and antidiabetic effects of the commensal bifido-
bactera (Cani et al., 2007; Yilmaz and Li, 2018).

All in all, we have described a new regulatory mechanism whereby
commensal bifidobacteria prevent LPS-, excess iron-, and oleate-asso-
ciated metaflammation by reducing activity of NF-kB/p38 MAPK/
STAT3 pathways leading to reduction of pro-inflammatory cytokines
and hepcidin while enhancing ferroportin and TLR2 pathway activity,
resulting in normal cellular iron/lipid metabolism. Hence, modulation
of NF-kB/p38 MAPK/IL-6/hepcidin/STAT3 cascade by commensal bi-
fidobateria plays an important role for the inhibition of metaflamma-
tion-related biomarkers in response to LPS or excess available iron.
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