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Polarized activation affects iron metabolism in macrophages
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Abstract: The aim of this study was to investigate the effects of polarization program on the ability of macrophages to regulate iron
metabolism. M1 and M2 macrophages were propagated in vitro from porcine alveolar macrophages 3D4/2 and polarized by cytokines.
The 3D4/2 macrophages were treated with 20 ng/mL interferon gamma (IFN-y) and 10 ng/mL interleukin-4 (IL-4) combined with 10
ng/mL macrophage colony-stimulating factor (M-CSF) to induce polarization to M1 and M2, respectively. After incubation for 24 h,
the expression levels of inflammatory factors and iron-metabolism genes were determined using real-time qPCR, Western bot and
immunofluorescence. The M1/M2 macrophages culture media supernatant was collected and used to treat porcine intestinal epithelial
cells IPEC-J2. The proliferation ability of IPEC-J2 was detected using CCK-8 assay kit. Following exogenous addition of ammonium
ferric citrate (FAC) to M1/M2 macrophages, the phagocytic function of macrophages was detected using fluorescein isothiocya-
nate-dextran (FITC-dextran) and flow cytometry. The results showed that, compared with control, M1 macrophages had higher mRNA
levels of iron storage proteins (ferritin heavy and light polypeptide, i.e. FtH and FtL), hepcidin and lipocalin-2, as well as iron content.
Moreover, iron enhanced the ability of M1 macrophages to phagocytize FITC-dextran. There was no significant change in these
mRNA expression levels in M2 macrophages, but the mRNA expression levels of ferroportin and transferrin receptor were up-regulated.
In addition, the conditioned media supernatant from M2 macrophages promoted cell proliferation of IPEC-J2. These findings indicate
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that M1 macrophages tend to lock iron in the cell and reduce extracellular iron content, thereby inhibiting the proliferation of extracellular

bacteria. While M2 macrophages tend to excrete iron, which contributes to the proliferation of surrounding cells and thus promotes

tissue repair.
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SRR, FESZPOHER. BRI E A (iron regulatory
protein, IRP) A4k 2 B o E R G4z 0 Aot
MR R TR, SRl @ HE 57 S SO 3
15 EE 1 1 (signal transducer and activator of transcription
1, STAT-1) SR B4 M1 B 0540 i (¥ bz 4k U A it
FU LA M R R B iR A B il Ak, BRI MIMR2 S
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12 000 g 4 °C B0 20 min. /MO Fisw, H
BCA EHMTERA EE. F 4% 1 20% T A k%
B oy BB IR &, MR B B RS
% PVDF i b, B 555 5l m At B-actin (1:1 000).
iNOS (1:1 000) I Arg-1 (1:1 000) Fifk 4 °C 5 & it
W, B ROPUERME 1 h, ECLALERIGEY S
. Ll B-actin NN S A, H Imagel 4%} 5 A
SERATA E .

1.7 CCK-8 EtMMpatEsE &% b & IPEC-)2
S 0 o R R A R (B ), A 10% fig

&1, 50 R A FPCRT| 4 /751
Table 1. Primer sequences for the real-time PCR amplification

Gene Forward primer (5’-3") Reverse primer (5°-3°) Product length
Hepcidin TCTCCCATCCCAGACAAGAC AAGATGCAGATGGGGAAGTG 123 bp
IRP1 CTGTGGGAATGTTTCGGGAT CCACTGCAGCAAGGCACTAC 100 bp
IRP2 TGGTCATTGCTGCCGTTATC TGTAACCATCCCACTGCCTG 152 bp
TFN-y CAAAGCCATCAGTGAACTCATCA TCTCTGGCCTTGGAACATAGTCT 100 bp
IL-6 TGGCTACTGCCTTCCCTACC AACAAACAAGCGTTGTGGGA 132 bp
STAT-6 TTCAGTTGCAGGTGTCGGAA CAGAGATTTTGCCGAGGATG 254 bp
FPN GGGTGGATAAGAATGCCAGACTT GTCAGGAGCTCATTCTTGTGTAGGA 121 bp
B-actin CCACCATGTACCCAGGCATT AGGGTGTAAAACGCAGCTCA 253 bp
Mrcl TACCCCTGCTCCTGGTTTTT CAGCGCTTGTGATCTTCATT 97 bp
Arg-1 CCAGTCCATGGAGGTCTGTC GTGTCTTCCCCAGAGATGGA 118 bp
TNF-a GCCCTTCCACCAACGTTTTC CCCAGGTTGCATCCAGGAAT 539 bp
IL-1B ACAAAAGCCCGTCTTCCTG ATGTGGACCTCTGGGTATGG 105 bp
FtL TGTTTGGACGGAACAGACCC CTCATGGCTGGTCGGCAATA 168 bp
FtH GAATTTGCGCTGCACGTGGT AGAGATACTCGGCCATGCCA 208 bp
TFRC TGCCCAGATACTCTCCGACA AGCCAGAGCCCCAGAAGATA 830 bp
iNOS CAGCGTGGAGTTCACCCA GACATTGATCTCCACGACAGC 415 bp
Len2 GGAAGAGCAAGGCCGGTTTA GTCCAACATGGAGTTGATGGC 133 bp

IRP, iron regulatory protein; IFN, interferon; IL, interleukin; STAT, signal transducer and activator of transcription; FPN, ferroportin;

Mrc-1, mannose receptor-1; Arg-1, arginase-1; TNF-o, tumor necrosis factor a; FtL, ferritin light polypeptide; FtH, ferritin heavy

polypeptide; TFRC, transferrin receptor; iNOS, induced nitric oxide synthase; Lcn2, lipocalin-2.
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A K 48 h, T CCK-8 37 &k il 24 Ff 18 4

1.8 EMAMmEMEINGERRE K 3D4/2 4iffE 25
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Quant VYB, Miltenyi Biotec, f%[E ) 4347 B W40 i
%} FITC-dextran [ %Mk

1.9 ZitESH %R DL mean + SEM IR, i
F SPSS 20.0 B 4T it ds, 2 AHIE I
KRR T7 2081, M L ECKR A Tukey-Kramer
HSD 7%, P<0.05 BHAAZE T AGi%m o

2 R

2.1 HRAEFHESHEEERAMa3D4/ 28R L

W 4 i 75 3 Ak 5, TEN-=y 4b 38 ) 3D4/2 2
ffE 2% B AR g MO B R IR B S, T IL-4 AN
M-CSF J:[A] 4b B () 3D4/2 41 ffg L A7 74 ) M2 AU
DRI % il . S0 FRZEAR B, M1 2 g 40 B br iR A
¥ IL-6. IL-1B. TNF-o F1 iNOS mRNA ik /K- i
% L (B 14~D), Hrp1L-6 (& 14). TNF-o ( &
1C) ATINOS (  1D) (3L FIFREAKPAERIE 12 h J5
2% B P <0.01), IL-18 (& 1B) WAE 24 h )5 &
Z LI (P<001), SxIRAML, M2 BB
FRIAE T Arg-1. Mrc-1 fil STAT-6 mRNA ik /K
B B (B 1E~G), HH Arg-1 (Bl 1E) ZERIE 6 h
Ja iR LA (P<0.01), 1 Mre-1 (& 1F) F1 STAT-6
(®1G) fEflE 12 h &3 Fi (P <0.05).

T E— 2B A 3D4/2 A AL SR, {5
G35 et B e il M1 B I 2 B AR ic ) iINOS
M2 B S WEAR ORI Arg-1. Al 5 Ge ot I 25
REoR, SRHEHAREL, M1 411 INOS Kk 2% Lif,
M2 HEA BELA ; M, M2 41 Arg-1 ik
Z L, MIARARERN (B 1H). 590500
Ytk 45 5 —%, Western blot 45 5 5o, xR
HAHEL, M1 HE KL ML FRI24) INOS, M2 4
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FtH, W& 2F) FIEkaR (%55 (ferritin light polypeptide,
FtL, & 2F) mRNA /K235 Fif (P <0.01). /%,
R 3 [ mRNA RIA K /E M2 B B g4 i 6
BELL, MBAKEENH D — %Ki ED
(ferroportin, FPN)( & 2D) Fl#%4k 8 H 52 4 (transferrin
receptor, TFRC) ( K] 2G) mRNA /K- E# & (P <
0.05). 5 M1 ML, M2 i & (K 20). FtH (K
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Fig. 1. Expression of macrophage polarized markers. The 3D4/2 cells were cultured with IFN-y (20 ng/mL) to generate M1 macro-
phages, or with IL-4 (10 ng/mL) and M-CSF (10 ng/mL) to generate M2 macrophages. A-G: Interleukin-6 (IL-6, 4), IL-1p (B), tumor
necrosis factor a (TNF-a, C), inducible nitric oxide synthase (iNOS, D), arginase-1 (Arg-1, E), mannose receptor-1 (Mrc-1, F), and
signal transducer and activator of transcription 6 (STAT-6, G) mRNA expression levels assessed by real-time PCR. H, I: Protein expres-
sion levels of iNOS (red) and Arg-1 (red) detected by immunofluorescence (H) and Western blot (/). Cell nuclei were labeled with
DAPI (blue). Scale bar, 30 um. Data are mean + SEM from three independent experiments. P < 0.05, P < 0.01.
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Fig. 2. Expression of iron metabolism-related factors and change of intracellular iron contents in polarized macrophages. A—H: Iron
regulatory protein 1 (IRP1, 4), IRP2 (B), Hepcidin (C), ferroportin (FPN, D), ferritin heavy polypeptide (FtH, E), ferritin light poly-
peptide (FtL, F), transferrin receptor (TFRC, G) and lipocalin-2 (Lcn2, H) mRNA expression levels assessed by real-time qPCR. The
mRNA expression levels were represented as fold-change compared to control group. /: Intracellular iron contents were measured by

an atomic absorption spectrometer. Data are mean + SEM from three independent experiments. "P < 0.05, "P < 0.01.
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Fig. 3. Iron release affects the capacity of conditioned medium of polarized macrophages to sustain cell proliferation and macrophages
phagocytosis activity. A: Proliferation of 3D4/2 cells treated with FAC (0-50 umol/L) for 24 h evaluated by CCK-8 assay. B: Prolifer-
ation of [PEC-J2 cells after incubation with conditioned media supernatant from control, M1 and M2 macrophages 48 h after polarization.

C: Phagocytosis rates of different groups. 3D4/2 cells were polarized to M1 or M2 phenotype in the absence (control) or presence of
25 pg/mL FAC, and then incubated with FITC-dextran at 37 °C for 1 h. The intracellular FITC-dextran was measured by FACS. Data

are mean = SEM from three independent experiments. P < 0.05, "P < 0.01.
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Fig. 4. Proposed model for iron metabolism in M1 and M2 polarized macrophages. Under different stimuli, macrophages differentiate

into M1 and M2 types, and express their characterized markers. M1 macrophages tend to lock iron in the cells, while M2 macrophages

tend to excrete iron extracellularly. IFN-y, interferon y; IL-6, interleukin-6; TNF-0, tumor necrosis factor a; IL-1p, interleukin 1f;

iNOS, inducible nitric oxide synthase; Len2, lipocalin-2; DMT1, divalent metal transporter 1; IRPs, iron regulatory proteins; FPN,

ferroportin; IL-4, interleukin-4; M-CSF, macrophage colony-stimulating factor; Arg-1, arginase-1; Mrc-1, mannose receptor 1; STAT-

6, signal transducer and activator of transcription 6; TFRC, transferrin receptor.
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