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Abstract

Aims/hypothesis Iron accumulation affects obesity and diabetes, both of which are ameliorated by iron reduction. Ferritin, an
iron-storage protein, plays a crucial role in iron metabolism. H-ferritin exerts its cytoprotective action by reducing toxicity via its
ferroxidase activity. We investigated the role of macrophage H-ferritin in obesity and diabetes.

Methods Conditional macrophage-specific H-ferritin (F¢h, also known as F#h 1) knockout (LysM-Cre Fth KO) mice were used and
divided into four groups: wild-type (WT) and LysM-Cre Fth KO mice with normal diet (ND), and WT and LysM-Cre Fth KO mice
with high-fat diet (HFD). These mice were analysed for characteristics of obesity and diabetes, tissue iron content, inflammation,
oxidative stress, insulin sensitivity and metabolic measurements. RAW264.7 macrophage cells were used for in vitro experiments.
Results Iron concentration reduced, and mRNA expression of ferroportin increased, in macrophages from LysM-Cre F#h KO mice.
HFD-induced obesity was lower in LysM-Cre F#h KO mice than in WT mice at 12 weeks (body weight: KO 34.6 5.6 g vs WT 40.1
+5.2 g). mRNA expression of inflammatory cytokines and infiltrated macrophages and oxidative stress increased in the adipose
tissue of HFD-fed WT mice, but was not elevated in HFD-fed LysM-Cre F#h KO mice. However, WT mice fed an HFD had elevated
iron concentration in adipose tissue and spleen, which was not observed in LysM-Cre Fth KO mice fed an HFD (adipose tissue [ptmol
Fe/g protein]: KO 1496 +£479 vs WT 2316 +866; spleen [pmol Fe/g protein]: KO 218 +54 vs WT 334 +8§3). Moreover, HFD
administration impaired both glucose tolerance and insulin sensitivity in WT mice, which was ameliorated in LysM-Cre Fth KO
mice. In addition, energy expenditure, mRNA expression of thermogenic genes, and body temperature were higher in KO mice with
HFD than WT mice with HFD. In vitro experiments showed that iron content was reduced, and lipopolysaccharide-induced 7nf-«v
(also known as 7if) mRNA upregulation was inhibited in a macrophage cell line transfected with Fth siRNA.
Conclusions/interpretation Deletion of macrophage H-ferritin suppresses the inflammatory response by reducing intracellular
iron levels, resulting in the prevention of HFD-induced obesity and diabetes. The findings from this study highlight macrophage
iron levels as a potential therapeutic target for obesity and diabetes.
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What is already known about this subject?

e Increased body iron content is related to obesity and diabetes, both of which are ameliorated by iron reduction.
However, iron-deficient anaemia is induced by non-specific iron reduction

e  Macrophages play a key role in the pathogenesis of obesity and diabetes through chronic inflammation

e  The proinflammatory M1 macrophage phenotype involves intracellular iron retention, with the divergent
expression of iron-related proteins and iron content in macrophages

What is the key question?

e Does the reduction of macrophage iron content ameliorate obesity and diabetes by reducing the inflammatory

response?

What are the new findings?

e Conditional gene deletion of H-ferritin results in the reduction of iron content in macrophages and spleen without

concomitant anaemia

e High-fat diet-induced obesity and diabetes were less frequent in macrophage-specific H-ferritin knockout mice

e  The knockout mice showed fewer inflammatory changes and less oxidative stress in adipose tissue

How might this impact on clinical practice in the foreseeable future?

e Control of iron levels in macrophages is a potential therapeutic target for obesity and diabetes

Abbreviations

ERK1/2  Extracellular signal-regulated kinase 1/2
FPN Ferroportin

FTH Ferritin heavy chain (H-ferritin)
FTL Ferritin light chain (L-ferritin)
HFD High-fat diet

HNE Hydroxynonenal

IRB Insulin receptor 3

JNK c-Jun N-terminal kinase

KO Knockout

LPS Lipopolysaccharide

LysM Lysozyme M

MAPK  Mitogen-activated protein kinase
ND Normal diet

SAPK Stress-activated protein kinase
siRNA  Small interfering RNA

TR Transferrin receptor

WT Wild-type

Introduction

Iron is an essential micromineral for all living beings.
However, an excessive amount of iron induces oxidative
stress by catalysing toxic hydroxy-radical production via the
Fenton reaction. In hereditary iron overload disorders, cardio-
myopathy, hepatic injury and diabetes are caused by oxidative
stress via ectopic tissue accumulation of excess iron [1].

Increased body iron content can be related to many diseases,
including liver disease [2, 3], obesity [4], diabetes [5], cardio-
vascular disease [6, 7] and kidney disease [8]. Therefore, iron
reduction could be an effective strategy for ameliorating the
pathological conditions in such diseases, as shown by both
clinical [9, 10] and experimental studies [11-14]. Whole body
iron reduction causes iron-deficient anaemia; therefore, more
specific iron reduction is an important strategy to avoid iron
deficiency.

In terms of the dynamics of iron metabolism, iron is mostly
recycled in the human body, since daily iron intake and excre-
tion are only 1-1.5 mg each. Body iron is mostly located in
erythrocytes (>70%) as haemoglobin. Macrophages
phagocytise senescent erythrocytes and release iron obtained
from haemoglobin into circulation, where it binds to plasma
transferrin [15]. Thus, macrophages are central regulators of
body iron homeostasis through the recycling of iron.

Macrophages undergo polarisation to form either the proin-
flammatory phenotype (M1: classically activated) or the anti-
inflammatory phenotype (M2: alternatively activated) [16].
These two phenotypes are characterised by divergent expres-
sion of iron-related proteins and iron content [17, 18]. M1
macrophages have increased iron content through the expres-
sion of high levels of the iron-storage protein, H-ferritin (ferri-
tin heavy chain; FTH) and low levels of the iron export protein
ferroportin (FPN). In contrast, M2 macrophages have low iron
content expression with low levels of H-ferritin and high
levels of FPN. Differences in polarisation between M1 and
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M2 macrophages may involve intracellular iron content, affect-
ing macrophage function, especially in the aspect of proinflam-
matory change [19]. We found that FTH protein expression
colocalises with the increase in infiltrated macrophages in the
adipose tissue of obese KKAy mice [11]. Additionally,
increased iron content enhances the lipopolysaccharide (LPS)-
induced inflammatory cytokine production in hepatic macro-
phages [20], and an iron chelator (deferoxamine) suppresses
cytokine production in mouse bone marrow macrophages
[21]. We hypothesised that the coordination of ferritin and intra-
cellular iron is a determining factor in the polarisation of macro-
phages to the inflammatory phenotype.

In this study, we aimed to explore the role of macrophage
FTH in obesity and diabetes induced by high-fat diet using
macrophage-specific Fth (also known as Fthl) knockout
mice.

Methods

Animal preparation and procedures Floxed Fth mice
(B6.129-Frh 1™ 15%) (C57BL/6 J background) were purchased
from Jackson Laboratory (Bar Harbor, ME, USA). Lysozyme
M (LysM)-Cre mice (B6.129P2-Lyz2™! <) (C57BL/6J
background) were provided by K-i Aihara (Tokushima
University). This cross-generated mouse carries both the cre
gene and the heterozygous floxed Fth gene (LysM-Cre
Fth™™). These mice were further mated with floxed Fth mice
to generate LysM-Cre Fth knockout (KO) mice. Floxed Fth
littermate mice without the LysM-Cre gene were used as
control wild-type (WT) mice. The male mice were randomly
divided into the following four groups at 6 weeks of age: WT
mice fed with control (normal) diet (ND; AIN-93 M, Oriental
Yeast Co., Tokyo, Japan); LysM-Cre Fth KO mice fed with
ND; WT mice fed with high-fat diet (HFD; HFD-60, Oriental
Yeast Co.); and LysM-Cre Fth KO mice fed with HFD. The
mice were maintained with ad libitum access to water and the
corresponding diet. Twelve weeks later, the mice were
euthanised by intraperitoneally injecting an overdose of anaes-
thesia, and tissues were removed and stored at —80°C until
further use. All experimental procedures for mice were
performed in accordance with the guidelines of the Animal
Research Committee of Tokushima University Graduate
School, and the protocol was approved by the Institutional
Review Board of Tokushima University Graduate School for
animal protection (Permit Number: T28-49).

Peritoneal macrophage isolation After anaesthesia, mice were
intraperitoneally injected with 10 ml sterilised PBS. The abdo-
men was gently massaged for 5 min, and then PBS was recov-
ered. Collected intraperitoneal PBS was centrifuged at 1.4 g,
incubated with erythrocyte lysis buffer for 5 min, and washed
and re-centrifuged with fresh PBS twice.
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Extraction of tissues after insulin stimulation After a 24 h
fasting, mice under anaesthesia were injected with 1 U/kg
insulin through the inferior vena cava. After 3 min, epididy-
mal fat, liver and gastrocnemius muscle were immediately
removed and used for analysis.

Cell culture and small interfering RNA transfection
RAW264.7 mouse macrophage cells were purchased
from DS Pharma Biomedical Co. (Osaka, Japan), and
were maintained and sub-cultured in DMEM containing
10% FBS, according to the culture protocol. Small
interfering RNA (siRNA) targeting mouse Fth and a
non-targeting siRNA control sequence were purchased
from Dharmacon (Horizon Discovery, Cambridge, UK).
Transfection of siRNA was performed as described
previously [22]. Cells were used for further experiments
after 48 h of transfection and then stimulated with
100 ng/ml LPS (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) for 2 h. The cells were
confirmed not to be contaminated with mycoplasma.

RNA extraction and mRNA expression analysis The methods
used for RNA extraction, cDNA synthesis, and quantita-
tive RT-PCR have been previously described [11]. Briefly,
the tissues or cells were homogenised in RNAiso reagent
(Takara Bio, Otsu, Japan). RNA extraction and cDNA
synthesis were performed according to the manufacturer’s
instructions (PrimeScript RT reagent kit with gDNA Eraser
[Perfect Real Time], Takara Bio). Quantitative RT-PCR
was performed using the CFX Connect Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA,
USA) with SYBR Green (THUNDERBIRD SYBR qPCR
Mix, TOYOBO Co., Osaka, Japan). The mRNA expres-
sion levels were normalised using 3684 (also known as
Rplp0) expression, and the values were compared with
the control group in terms of relative fold change. The
primer sets used are shown in Table 1.

Protein extraction and western blot analysis Protein prepara-
tion and western blotting were performed as previously
described in detail [11]. Tissue or cell samples were
homogenised or sonicated in a protein lysis buffer containing
proteinase inhibitors and a phosphatase inhibitor. The extract-
ed proteins were boiled for 5 min in Laemmli sample buffer
and used for western blotting. The visualised immunoreactive
protein bands were semi-quantified by densitometric analysis
using Image J software (version 1.38, NIH, Bethesda, MD,
USA). We used Can Get Signal Solution 1 (TOYOBO Co.) as
dilution buffer for primary antibodies, and 0.5% skimmed
milk in PBS-T as dilution buffer for secondary antibodies.
The following commercially available antibodies were used:
anti-FTH, anti-ferritin light chain (FTL), anti-p22P"* (Santa
Cruz Biotechnology, Dallas, TX, USA), anti-phospho-stress-
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Table 1 Primer sequences
Forward Reverse

Fth TGATGAAGCTGCAGAACCAG GTGCACACTCCATTGCATTC
Fil AATGGGGTAAAACCCAGGAG AGATCCAAGAGGGCCTGATT
Hmox1 TGCTCGAATGAACACTCTGG AAGGCGGTCTTAGCCTC
Fpn CCCTGCTCTGGCTGTAAAAG GGTGGGCTCTTGTTCACATT
Tfi CCGGAGAGGAGACTTCACAG TCCACGATTTCCCAGAGAAC
Tnf-« ACGGCATGGATCTCAAAGAC GTGGGTGAGGAGCACGTAGT
Mep-1 GGAGCTCATGATGTGAGCAA GACCAGGCAAGGGAATTACA
1-13 CAGGCAGGCAGTATCACTCA TGTCCTCATCCTGGAAGGTC
1-6 CCGGAGAGGAGACTTCACAG TCCACGATTTCCCAGAGAAC
F4/80 CTGTAACCGGATGGCAAACT CT GTACCCACATGGCTGATG
Cdllc ATTTCTGAGAGCCCAGACGA CCATTTGCTTCCTCCAACAT
Cd68 CTTCCCACAGGCAGCACAG AATGATGAGAGGCAGCAAGAGG
Adiponectin GTTGCAAGCTCTCCTGTTCC ATCCAACCTGCACAAGTTCC
Leptin TGACACCAAAACCCTCATCA TGAAGCCCAGGAATGAAGTC
Cyba GTGGACTCCCA TTGAGCCTA CTCCTCTTCACCCTCACTCG
Ucpl TCTCAGCCGGCTTAATGACT TGCATTCTGACCTTCACGAC
Ucp3 AGCCCTCTGCACTGTATGCT AAAGGAGGGCACAAATCCTT
Adrb3 ACAGGAATGCCACTCCAATC AAGGAGACGGAGGAGGAGAG
Ppargcla CCGAGAATTCATGGAGCAAT TTTCTGTGGGTTTGGTGTGA
Dio?2 GATGCTCCCAATTCCAGTGT TGAACCAAAGTTGACCACCA
Prdml6 TGGGCTCACTACCCTACCAC GACTTTGGCTCAGCCTTGAC
Cidea CTCGGCTGTCTCAATGTCAA GGAACTGTCCCGTCATCTGT
36B4 GCTCCAAGCAGATGCAGCA CCGGATGTGAGGCAGCAG

activated protein kinase (SAPK)/c-Jun N-terminal kinase
(JNK) (Thr183/Tyr185), anti-total SAPK/JNK, anti-
phospho-p44/42 mitogen-activated protein kinase (extracellu-
lar signal-regulated kinase 1/2 [ERK1/2]), anti-total p44/42
MAPK (ERK1/2), anti-phospho-Akt, anti-total Akt, anti-
phospho-insulin receptor 3 (IRf3), anti-total IR} (Cell
Signaling Technology, Danvers, MA, USA), and anti-«-
tubulin (protein loading control; Merck, Darmstadt,
Germany). Anti-rabbit IgG, HRP-linked Antibody (Cell
Signaling Technology [7074]), goat anti-mouse IgG-HRP-
linked antibody (Santa Cruz Biotechnology [sc-2005]), and
donkey anti-goat IgG-HRP-linked antibody (Santa Cruz
Biotechnology [sc-2020]) were used for secondary antibodies.
Details of dilutions used for antibodies are available in Table 2.

Histological analysis of adipocyte size Epididymal fat tissue
was fixed in 4% paraformaldehyde. After defatting and paraf-
fin-embedding, the samples were cut into 3 um thick sections
and stained with haematoxylin—eosin. Adipocyte size was
determined by ten random fields in the sections for each
mouse [11].

Haematological analysis and blood chemistry Whole blood
cell counts were performed by Shikoku Chuken (Kagawa,

Japan). Blood glucose and insulin levels were measured by
using an ACCU-CHEK Aviva Kit (Roche Diagnostics, Basel,
Switzerland) and a Mouse Insulin ELISA Kit (Morinaga
Institute of Biological Science, Yokohama, Japan), respective-
ly [11]. Plasma levels of TNF-« and adiponectin were deter-
mined using commercial ELISA kits (Quantikine ELISA Kit,
R&D Systems, Minneapolis, MN, USA).

Glucose tolerance test After fasting for 24 h, mice were intra-
peritoneally injected with 20% glucose solution (2.0 g/kg
body weight). Blood was obtained from a tail vein at sched-
uled time points (0, 30, 60 and 120 min), and blood glucose
levels were measured [11].

Insulin tolerance test After a 4 h fast, the mice were subjected
to an insulin tolerance test. They were injected intraperitone-
ally with insulin (0.75 U/kg body weight; Humulin R; Eli
Lilly, Indianapolis, IN, USA). Blood glucose levels were
measured at scheduled times (0, 15, 30, 60 and 120 min) [11].

Immunohistochemistry of macrophages in adipose tissues
Immunohistochemical staining of F4/80 (MCA497GA, Bio-
Rad Laboratories, Tokyo, Japan) was performed as described
previously [11]. To evaluate macrophage infiltration, ten
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Table 2 Primary antibodies used

for Western blots Protein Supplier and catalogue no. First dilution Second dilution
FTH Santa Cruz (sc-14416) 1:250 1:50,000
FTL Santa Cruz (sc-14422) 1:250 1:50,000
p22phox Santa Cruz (sc-20781) 1:250 1:50,000
Phospho-JNK CST (9251) 1:500 1:50,000
Total-JNK CST (9252) 1:1000 1:50,000
Phospho-ERK1/2 CST (9101) 1:1000 1:50,000
Total-ERK1/2 CST (9102) 1:1000 1:50,000
Phospho-Akt CST (9271) 1:500 1:50,000
Total-Akt CST (9272) 1:1000 1:50,000
Phospho- IR3 CST (3024) 1:1000 1:25,000
Total- IR3 CST (3025) 1:1000 1:25,000
o-Tubulin Merck (CP06) 1:1000 1:100,000

microscopic fields were randomly selected and F4/80-positive
cells were counted.

Detection of oxidative stress in adipose tissue Oxidative stress
was evaluated by anti-4-hydroxynonenal (HNE) staining
(MHN-100P, Japan Institute for the Control of Aging
(JaICA), Nikken SEIL Co., Shizuoka, Japan). In brief, paraf-
fin sections were deparaffinised and rehydrated, and then
boiled with antigen retrieval 10 mmol/l citrate buffer for
10 min and cooled for 20 min. After blocking, sections were
incubated with 4-HNE antibody (1:50) at 4°C overnight.
Antibody distribution was visualised using immunofluores-
cence (Alexafluor; Life Technologies, Tokyo, Japan).
Sections incubated without primary antibody were used as
negative controls.

Measurement of iron content Tissue iron content was
measured using an iron assay kit (Metallo assay,
Metallogenics, Chiba, Japan) [12]. Iron concentration was
corrected using protein concentration and expressed as pmol
Fe per g protein concentration.

Metabolic measurement and body temperature ARCO-2000

(ARCO System, Chiba, Japan) was used to measure VOz and
RQ. Mice were placed in ACTIMO-100 N (SHINFACTORY
Co., Fukuoka, Japan) with free access to food and water,
allowing them to acclimatise in individual metabolic cages
for 72 h before any measurements. The data were acquired
at 12 h intervals for 24 h. A rectal probe (BP98A Softron
Corp., Tokyo, Japan) measured the body temperature of mice.

Statistical analysis In vivo studies were carried out with at
least three independent experiments in each group and sample
replication of in vivo data was obtained from individual mice.
In vitro studies were done at least twice in independent exper-
iments. Blinding to group assignment and outcome
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assessment were not carried out in these studies. There were
no criteria for exclusion of any data, and no results were inten-
tionally removed. Data are presented as mean+ SD. An
unpaired, two-tailed, Student’s ¢ test was used for comparison
between the two groups. For comparison between more than
two groups, the statistical significance of each difference was
evaluated using a post hoc test (either Dunnett’s method or
Tukey—Kramer’s method). Statistical significance was set at
p<0.05.

Results

Characteristics of LysM-Cre Fth KO mice and WT mice First,
we examined the Frth deletion in macrophages and other
tissues. As shown in Fig. 1a, Fth mRNA was deleted in peri-
toneal macrophages and was reduced by around 25% in liver
samples. There was no difference detected in Fth mRNA
expression in the heart, spleen, kidney, adipose tissue and
skeletal muscles between WT and LysM-Cre Fth KO mice.
In terms of ferritin protein, FTH protein expression was
reduced in macrophages and spleen, but not in the liver of
KO mice, and there was no difference in FTL protein expres-
sion in macrophages, liver or spleen between WT and KO
mice (Fig. 1b—d).

Iron concentration and iron-related gene expression in
macrophages In peritoneal macrophages, the iron concentra-
tion was lower in LysM-Cre Fth KO mice than in WT mice
(Fig. 1e). Fpn (also known as Slc40al) and Homx] mRNA
expression increased, whereas 7fr (also known as Tfrc)
mRNA expression showed a decrease in macrophages in
KO mice (Fig. 1f-h). These results suggest that the Fth gene
deletion leads to reduced intracellular iron concentration
through a decrease in iron import and an increase in iron
export in macrophages.
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Fig. 1 The differences of ferritin
expression in various tissues
between WT mice and LysM-Cre
Fth KO mice. (a) Fth mRNA
expression in macrophage, heart,
liver, spleen, kidney, adipose
tissue and skeletal muscle. Values
are expressed as mean £ SD; *p<
0.05, **p<0.01; n=3-7 in each
group. (b-d) FTH and FTL 0 #

Y]

Fth mRNA (fold)

o

protein expression in

macrophages (b), liver (¢) and
spleen (d). Values are expressed
as mean + SD; *p< 0.05, **p<
0.01; n =4 in each group. (e) Iron
content in macrophages. Values
are expressed as mean £ SD; *p<
0.05; n=6-10 in each group. (f-
h) mRNA expression of Fpn (f),
HomxI (g) and Tfr (h) in
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Effect of macrophage Fth deletion on body weight and
adipose tissues Next, we tested the role of the macrophage
F'th gene on HFD-induced obesity and diabetes. No difference
was seen in body weight gained during the experimental
course between WT mice and LysM-Cre Fth KO mice. The
body weight of WT mice fed an HFD increased after
2 weeks, whereas this increase was suppressed in KO mice
at 12 weeks (body weight: KO 34.6+5.6 g vs WT 40.1
5.2 g) (Fig. 2a,b). There was no difference in the daily
energy intake between WT mice and KO mice in the
HFD-fed group (Fig. 2c). The HFD-induced increase in
weight of adipose tissue was attenuated in KO mice
compared with WT mice (Fig. 2d—g). In histological anal-
ysis, HFD feeding resulted in enlarged adipocyte size in
epididymal fat, and this increase was smaller in KO mice
than in WT mice (Fig. 2h,i). The distribution of adipocyte
size indicated that LysM-Cre Fth KO mice fed with HFD
increased the proportion of small-sized adipocytes and
decreased the proportion of large-sized adipocytes

compared with WT mice fed with HFD (Fig. 2j).
Additionally, erythrocytes, haemoglobin and haematocrit
were elevated in HFD-fed mice, and there was no differ-
ence in these variables between WT mice and LysM-Cre
Fth KO mice regardless of ND or HFD (Table 3).

Macrophage infiltration and inflammatory cytokine expres-
sion in adipose tissue As shown in Fig. 3a and b, the number
of F4/80-positive cells was increased in epididymal fat of
HFD-fed WT mice, and this was significantly inhibited in
HFD-fed KO mice. Similar to the results of immunohisto-
chemical analysis, mRNA expression of F4/80 (also known
as Adgrel) and Cd68 was increased in epididymal fat of HFD-
fed WT mice, and they were significantly inhibited in HFD-
fed KO mice (Fig. 3¢,d). The mRNA expression of inflamma-
tory cytokines such as Tnf-« (also known as Tnf), Mcp-1 (also
known as Ccl2), II-1f3 (also known as //1b) and II-6, were
upregulated in epididymal fat of WT mice with HFD, but were
diminished in KO mice with HFD (Fig. 3f-i). Adiponectin
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Fig. 2 Body weight, fat weight a b *
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distribution. (a) Changes in body 45 * 3 60 100 1 o
weight in WT mice and LysM- % 90 1 °
Cre Fth KO mice fed with ND or S 40 s 07 a > 80 A
HFD. Values are expressed as ?_E’ £ 4 _E, 70
mean + SD. *p< 0.05, **p< 0.01 2 37 § < 601
for WT HDF vs LysM-Cre Fth i 30 - © 30 g § ® 501 8 g °
KO mice fed HFD; n=9-11 in g = £ 40
each group. (b) Body weight at @ 25+ WTND —O— £ 20 1 8 30
12 weeks on diet (18 weeks of KOND —A— 5 S 20
20 1 WTHFD —@— 3z 101 w
age). Values are expressed as KOHFD —h z 10 -
mean + SD; *p< 0.05, **p< 0.01; 15 L — : : : : : — o oA 0
. . o & &
n=9-11 in each group. (c) Daily 6 8 10 12 14 16 18 $ e & e e e
energy intake. Values are Age (weeks) ND HFD ND HFD
expressed as mean = SD; *p<
0.05, **p<0.01;'n;67f7 in each d *% % e sk sk f H% *k g ok Hok
group. (d-g) Weight o . 3000 1000 S 1200 5 30007
epididymal fat (d), mesenteric fat S S 900, £ I3 .
(e), retroperitoneal fat (f) and £ 2500 3 8004 % 1000 1 E 25001 °
= ] 5 =y
subc_utaneous fat (g) at 12 weeks D 2000 s 5 7001 2 500 .2 2000]
on diet. Values are expressed as g S 6001 = 4 I
mean + SD; *#p<0.01; n=9-11 & 1500 = 500 A T 6001 *g 1500+ A
in each group. (h) Representative B ° © 400 2 o 3
. . . . £ 1000 ° 5 | S 400 hd © 10001 o °
findings with haematoxylin—eosin 3 £ 8004 g £ . e =
staining of adipocytes in S 5001 § % 2001 é § ® qé— 200 1 3 5001 b
epididymal fat; scale bar, 100 um. i o s 1004 5 (',3)
(i) Mean adipocyte size. Values i L Oeg e 0- Loge T o S e ¢ e o SO e
are expressed as mean & SD; ND HFD ND HFD ND HFD ND HFD
**p<0.01; n =8 in each group. (j)
Distribution of adipocyte sizes. i
Values are expressed as mean + - .
SD; *p< 0.05, *#p<0.01 for WT @ 7000 .
HFD vs WT mice fed with ND, :6>>‘{,~ 6000 _i‘
LysM-Cre Fth KO mice fed with 8 g 00 1
. T = °
ND and LysM-Cre Frh KO mice 8900 § 4 %
fed with HFD; n = § in each group é @ ?888 ° *
0 . . . )
Lo ¢ o
: ND HFD
)
X 60 WTND —O—
B, 50 KOND —&—
S8 40 WT HFD —@—
I KO HFD —&—
= *:,5,- 20
L 5
aa 10
g o .
LELLLSSEL P PSS
S SRS

(Adipog) mRNA expression was reduced, and leptin (Lep)
mRNA expression was increased in the fat of HFD-fed WT
mice, while these changes were ameliorated in HFD-fed
KO mice (Fig. 3j,k). Additionally, mRNA expression of
Cdllc (also known as [tgax), a surface marker of M1-
like cells, was elevated in HFD-fed WT mice, but this
increase was inhibited in HFD-fed KO mice (Fig. 3e). In
plasma, the HFD-induced increase in the TNF-« levels
and decrease in adiponectin levels were also ameliorated
in KO mice (Fig. 3l,m). These results suggested that
macrophage Fth deletion leads to inhibition of HFD-
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induced inflammation and the disorder of adipocytokines
in fat.

Effect of macrophage Fth deletion on MAPK pathway and
oxidative stress JNK and ERK1/2, members of the MAPK
family, play an important role in inflammatory gene regulation
[23]. Administration of HFD increased the phosphorylated
levels of JNK, but not ERK1/2, in the fat of WT mice, and it
was suppressed in KO mice (Fig. 4a—c). In adipose tissue, 4-
HNE intensity was augmented in WT mice with HFD, and
this increase was suppressed in HFD-fed KO mice (Fig. 4d,e).
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Table 3
concentration in each mouse group

Erythrocyte count, haemoglobin, haematocrit, mean corpuscular volume, mean corpuscular haemoglobin and mean corpuscular haemoglobin

WT-ND LysM-Cre Fth KO-ND WT-HFD LysM-Cre Fth KO-HFD
Erythrocytes (< 10*/ul) 783 + 53 767 + 101 881 + 69++ 901 + 115%¥
Haemoglobin (g/l) 115+8 117+ 4 132 & 11t 134 + 7%+t
Haematocrit (/1) 0.361 + 0.030 0.363 + 0.038 0.414 + 0.035%* 0.412 + 0.063#

MCV (1) 46.1 £22 476+25 459 £ 1.6 455+ 1.8

MCH (pg/cell) 14.7 + 0.4 152 + 0.5% 15.0 + 0.6 148 + 04

MCHC (g/1) 318+ 9 321+9 32849 326 + 13

Blood glucose (mmol/l) 42 +0.6 43405 6.1 = 1,05+t 47 + 0.8

Plasma insulin (pmol/l) 18.8 +2.1 292 +£222 428.5 + 355.6%+H 163.9 + 25637

Data represent mean = SD; n=10-15 in each group

#p< 0.05, **p< 0.01 vs WT-ND; ¥ p< 0.05, ¥ p< 0.01 vs LysM-Cre Fth KO-ND; T p<0.05, 7T p<0.01 vs WT-HFD
MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume

NADPH oxidase is a source of reactive oxygen species, and
increase in p22P" protein, an NADPH oxidase subunit with
haem protein, was suppressed by iron reduction in adipose
tissue from obese mice [11]. In line with this, p22P"°* was
elevated in adipose tissue of HFD-fed WT mice, and this
increase was suppressed in adipose tissue of HFD-fed KO
mice (Fig. 4f,g). Thus, HFD-induced inflammatory pathway
activation and oxidative stress were inhibited in the fat of KO
mice.

Iron content in fat, spleen and macrophages In epididymal fat
and spleen, tissue iron content was elevated in HFD-fed WT
mice, and this was inhibited in HFD-fed KO mice (adipose
tissue [pumol Fe/g protein]: KO 1496 +479 vs WT 2316+
866; spleen [umol Fe/g protein]: KO 218 £54 vs WT 334+
83) (Fig. 4h,1). Iron content in macrophages was lower in KO
mice than in WT mice. However, macrophage iron levels did
not change by HFD in WT and KO mice (Fig. 4j).

Macrophage Fth deletion on glucose tolerance, insulin sensi-
tivity and insulin signalling pathway To examine whether
macrophage Fth deletion affected glucose tolerance and insu-
lin sensitivity, we subjected mice to IPGTT and IPITT,
respectively. There was no difference in blood glucose levels
between WT mice and KO mice in ND-fed groups after
glucose injection, and the degree of increase in blood glucose
level after glucose injection was lower in HFD-fed KO mice
than in HFD-fed WT mice (Fig. 5a,b). With IPITT, the reduc-
tion in blood glucose levels was more in KO mice than in WT
mice in HFD-fed groups, and there was no difference in blood
glucose levels between WT mice and KO mice in ND-fed
groups after insulin injection (Fig. 5c,d). The phosphorylation
of the IR 3—Akt signalling pathway was increased in epididy-
mal fat in ND-fed groups of both WT mice and KO mice after
insulin stimulation. Phosphorylated levels of IR —Akt signal-
ling after insulin stimulation was diminished in HFD-fed WT

mice, and it was ameliorated in the fat of HFD-fed KO mice
(Fig. Se,f). Similarly to fat, the reduced phosphorylation of
IR 3—Akt signalling after insulin stimulation was also amelio-
rated in the liver and skeletal muscle of HFD-fed KO mice
(Fig. 6a—f). The mRNA expression of inflammatory cytokines
(except for //-6) was increased in liver and skeletal muscle of
HFD-fed WT mice, but this was not seen in those tissues of
HFD-fed KO mice (Fig. 6g—n). The fasting plasma glucose
level was significantly higher in HFD-fed WT mice than in
HFD-fed KO mice. The plasma insulin level was markedly
elevated in HFD-fed WT mice; in HFD-fed KO mice, the
levels were significantly lower than in HFD-fed KO mice
(Table 3). These results suggest that macrophage Fth deletion
leads to the improvement in glucose tolerance and insulin
resistance both through inhibiting inflammation and maintain-
ing insulin signalling in fat, liver and skeletal muscle in obesi-
ty and diabetes.

Effect of macrophage Fth deletion on energy expenditure in
mice fed with HFD We further analysed energy expenditure.
VO, and energy expenditure were significantly higher in
HFD-fed KO mice during the dark phase, while RQ was lower
in HFD-fed KO mice compared with HFD-fed WT mice
during the dark and total phase (Fig. 7a—c). Additionally, body
temperature, as well as the expression of several thermogenic
genes (Ucp3, Adrb3, Ppargcla, Dio2, and Prdmli6) in fat,
was significantly higher in HFD-fed KO mice compared with
HFD-fed WT mice (Fig. 7d—k). These results partly contrib-
uted to the decreased body-weight gain in HFD-fed KO mice.

Effect of Fth deletion on LPS-induced inflammation in vitro
experiments We examined the effect of 4 deletion by using
RAW264.7 cells derived from mouse peritoneal macro-
phages. siRNA targeting Fth gene transduction reduced Fth
mRNA by approximately 20% and mimicked the phenotype
of iron-related genes and iron content in macrophages of
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LysM-Cre Fth KO mice (Fig. 8a—e). LPS stimulation
increased 7Tnf-a mRNA expression, and it was partly inhibited
with Fth siRNA transduction (Fig. 8f).

Discussion

Deletion of the macrophage Fth gene reduced intracellular
iron content via changes in iron transporter expression and
inhibited the LPS-induced inflammatory response.
Macrophage Fth gene KO mice showed diminished HFD-
induced inflammatory changes and macrophage infiltration
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in adipose tissue, contributing to the suppression of obesity
and diabetes.

Ferritin is a ubiquitous iron-binding protein and the main
form of intracellular iron storage. It is composed of 24-mer
heteromultimers of two subtypes: H (FTH) and L (FTL)
subunits [24]. FTH has ferroxidase activity (converts Fe** to
Fé? *). Meanwhile, FTL takes up and maintains iron content
by nucleation, although it lacks ferroxidase activity [25-27].
Ferritin synthase is mainly regulated by iron at the translation-
al level through both iron-regulatory proteins and iron-
responsive elements in the 5"-untranslated regions of Fth and
Ftl RNAs [28], and in an iron-independent manner including
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Fig. 4 Effect of macrophage Fth
deletion on JNK and ERK
signalling pathway. (a)
Representative protein bands of
phosphorylated JNK, total (T)
JNK, phosphorylated ERK1/2,
total ERK1/2 and tubulin in
epididymal fat of each mouse
group. (b, ¢) Semi-quantitative
analysis of densitometry for JNK
(b) and ERK1/2 (¢)
phosphorylation. Values are
expressed as mean + SD. *p<
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oxidative stress [29], and in the presence of inflammatory
cytokines [30, 31]. In addition to being an iron-storage
protein, FTH is normally thought to exert a cytoprotective
effect by its antioxidant property, inhibiting the Fenton reac-
tion via ferroxidase activity and the nucleation of free iron
ions [26, 27]. Indeed, several studies have shown the protec-
tive action of FTH in relation to heart failure (in
cardiomyocytes) [32], acute kidney injury (proximal tubules)
[33], and ischaemic liver injury (hepatocytes) [34]. In contrast,
myeloid (macrophage) Fth gene deficiency alleviates unilat-
eral ureter obstruction-induced renal fibrosis in mice, although
the mechanism has not been described in detail [35]. Thus,
FTH function might vary depending on cells and tissues, and
macrophage Fth deletion exerts a favourable effect on at least
renal fibrosis, obesity and diabetes.
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Whole-body iron reduction by an iron chelator or an iron-
restricted diet has been shown to be beneficial for the inhibi-
tion of inflammatory cytokines and oxidative stress in rat and
mouse models of obesity and type 2 diabetes [11, 36, 37].
However, these advantages are counterbalanced by iron-
deficient anaemia. In this study, macrophage deletion of the
F'th gene resulted in reduced iron content, inhibiting the devel-
opment of HFD-induced obesity and diabetes, inflammatory
cytokines, macrophage infiltration and oxidative stress, with-
out giving rise to anaemia. HFD-induced increase of proin-
flammatory cytokine expression (the M1-like markers: IL-
13, TNF-&, CD68) was diminished in the fat of LysM-Cre
Fth KO mice compared with WT mice. Similarly, LPS-
induced increase of TNF-« expression was also alleviated in
RAW264.7 macrophage cells transfected with Fth siRNA.
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These findings suggest that macrophage iron plays a pivotal
role in the development of obesity and diabetes, and
macrophage-specific reduction of iron may be a target for
metabolic disorders through the inhibition of the inflammatory
response.

It is well established that chronic low-grade inflammation
is linked to the development of insulin resistance, obesity and
diabetes [38]. An increase of infiltrated macrophages is seen
in the visceral fat of obese individuals, and body weight loss
leads to a reduction of inflammatory markers and infiltrated
macrophages [39, 40]. Diet-induced obesity promotes
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macrophages to switch to the M1 proinflammatory phenotype
from the M2 anti-inflammatory phenotype, contributing to
insulin resistance [41]. A shift in the polarisation of adipose
tissue macrophages to a proinflammatory phenotype plays a
crucial role in the development of obesity and diabetes.
Deletion of the Fth gene altered the expression of iron-
related genes (decrease of Tfi expression and the increase of
Fpn and Homx1 expression) in addition to iron content reduc-
tion. Iron metabolism is suggested to involve the regulation of
macrophage polarisation. M1-polarised proinflammatory
macrophages increase intracellular iron retention with
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reduction of transferrin receptor (TfR) and FPN and elevation
of FTH, while, M2-polarised anti-inflammatory macrophages
decrease intracellular iron content with elevation of TfR and
FPN and reduction of FTH in vitro [18]. In vivo, in lean
adipose tissue, all infiltrated macrophages with low or high
iron content are of the M2-like phenotype with greater expres-
sion of M2 genes and a reduction in the expression of M1
genes, suggesting the promotion of iron recycling. In obesity,
macrophages with high iron levels become more inflammato-
ry and lose the property of iron handling, indicating changes
in their polarisation and phenotype [42]. In this study, Fth
gene deletion inhibited the proinflammatory response induced
by HFD or LPS. However, the change of 7fr expression was
in contrast to the M2-like phenotype, and the increase of Fpn

and Homx1 expression was agreement with it. However, the
effect of FTH overexpression is controversial. FTH overex-
pression itself increases inducible nitric oxide synthase
(INOS) expression [35], while ferritin induction alleviates
the LPS-induced inflammatory response [43]. Further investi-
gation is necessary for clarifying the role of FTH on macro-
phages in detail.

We showed that LysM-Cre Fth KO mice had higher energy
expenditure compared with WT mice following HFD feeding.
The body temperature and expression of thermogenic genes in
epididymal fat were also higher in HFD-fed KO mice
compared with HFD-fed WT mice. White-to-brown fat tran-
sition (forming what are known as beige adipocytes) plays a
significant role in regulating body weight and protecting
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Fig. 7 Effect of macrophage Fth deletion on metabolic expenditure and
thermogenesis in mice fed with HED. (a) Effect of macrophage Fth dele-
tion on VO,. Values are expressed as mean = SD. *p< 0.05; n=6-7 in
each group. There was no significant difference in the total phase (light
and dark) between WT and KO (p = 0.08). (b) Effect of macrophage F1h
deletion on RQ. Values are expressed as mean + SD. **p< 0.01; n=6-7
in each group. There was no significant difference in the light phase
between WT and KO (p =0.06). (¢) Effect of macrophage Fth deletion
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on energy expenditure. Values are expressed as mean+ SD. *p<0.05;
n=6-7 in each group. There was no significant difference in the total
phase between WT and KO (p=0.1). (d-k) Effect of macrophage Fth
deletion on thermogenic gene expression and body temperature in mice
fed with HFD. (d—j) Thermogenic gene expression in epididymal fat of
mice fed with HFD. Values are expressed as mean = SD. *p<0.05; n=
10-12 in each group. (k) Body temperature in mice following HFD feed-
ing. Values are expressed as mean + SD; *p< 0.05; n =12 in each group
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against diabetes and obesity through thermogenesis [44].
Therefore, the promotion of browning of white fat may partly
involve the alleviation of HFD-induced obesity and diabetes
in LysM-Cre Fth KO mice.

In terms of tissue iron content, the HFD induced an increase
of tissue iron concentration in epididymal fat and spleen of WT
mice, but the increase in iron concentration induced by HFD was
suppressed in LysM-Cre Fth KO mice. However, iron content
was not increased by HFD in isolated peritoneal macrophages,
although macrophage iron content remained lower in KO mice
than in WT mice with either ND or HFD. Increased iron content
in fat and spleen might be due to the increase in infiltrated macro-
phages that supply iron to local tissues in mice following HFD.
In in vitro models, M1 macrophages display an iron sequestra-
tion phenotype with an associated increase in FTH expression.
Similar results were obtained in mouse models where the iron
content of macrophages of both subtypes was not increased by
HFD administration, although the iron content was increased in
HFD-induced hypertrophied adipocytes [42]. Thus, there is the
discrepancy of M1 macrophage iron content between the in vitro
model and in vivo model. In contrast, macrophage iron release is
necessary for the repair of skeletal muscle injury through
myogenic differentiation. There are no differences in macro-
phage iron content during muscle injury [45], suggesting that
macrophages are the suppliers of iron to local tissue without
themselves exhibiting any change in iron content, due to rapid
iron release. Further studies are needed to clarify the accurate
mechanism.

Body iron content is normally lower in females than males, and
several studies have shown the effect of sex hormones on iron
metabolism [22, 46]. A limitation of this study is that we only used
male mice. Therefore, further study is necessary for clarifying the
effect of Fth deletion on macrophages in both sexes.

In conclusion, deletion of the Fth gene in macrophages
leads to a reduction of both intracellular iron concentration
and inflammatory response, resulting in the prevention of
HFD-induced obesity and diabetes. Control of macrophage-
specific iron levels is, thus, a potential therapeutic target for
regulating chronic inflammation.
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