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steatohepatitis through the production of proinflammatory
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Abstract

Impact Statement

NASH is a manifestation of metabolic syndrome
in the liver, and the complex mechanism of NASH
development has not been fully elucidated. A sig-
nificant correlation between splenic iron level and
NASH severity was previously reported in TSOD
mice, suggesting that the spleen contributes to
NASH pathogenesis through the release of sple-
nocyte-derived molecules via the portal vein. In
this study, we found that the spleens of mice in
the early stage of NASH accumulate iron, and that
iron-accumulating splenocytes generate moder-
ate amounts of ROS and release high amounts of
TNF-a after macrophage stimulation. Thus, spleen-
derived ROS and proinflammatory cytokines may
indirectly contribute to hepatic inflammation. These
results indicate that iron metabolism modulation
in the spleen may contribute to developing novel
therapeutic strategies for NASH.

Non-alcoholic steatohepatitis (NASH) results from non-alcoholic fatty liver disease
(NAFLD) via multiple-parallel events, including hepatic triglyceride accumulation,
oxidative stress, and inflammation. The complex interaction between the liver and
multiple other organs is involved in NASH development. Although spleen-derived
humoral factors can directly contribute to NAFLD/NASH onset via the portal vein,
the status of the spleen in the early stage of NASH remains unknown. Here,
our aim was to investigate whether splenocytes may exacerbate NASH via the
generations of reactive oxygen species (ROS) and proinflammatory cytokines.
Iron accumulation was observed in the spleen but not the liver, and the proportion
of phagocytic macrophages increased in the spleen of Tsumura Suzuki Obese
Diabetes (TSOD) mice showing histological characteristics of NASH in the early
stage. The splenocytes generated moderate amounts of ROS and released high
amounts of tumor necrosis factor (TNF)-a in response to lipopolysaccharide,
indicating excessive inflammatory cytokine released by activated macrophages in
iron-accumulating spleens. Our results suggest that iron-accumulating splenocytes
can easily induce inflammation and contribute to exacerbate NASH via the portal
vein. Thus, the regulation of iron metabolism in the spleen should be considered in
the development of novel therapeutic targets against NASH.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a manifesta-
tion of metabolic syndrome in the liver, and approximately
25% of NAFLD patients develop non-alcoholic steatohepa-
titis (NASH), which is characterized by steatosis, lobular
inflammation, and fibrosis in the liver. NASH can result in
serious and irreversible diseases, including liver cirrhosis
and hepatocellular carcinoma.! A “two-hit hypothesis” has
been used to explain the pathogenesis/progress of NASH,
which is based on a first hit consisting of obesity and insulin
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resistance-mediated hepatic steatosis, and a second hit con-
sisting of inflammatory cytokines, free radicals, and iron
overload, which are required to further exacerbate liver
injury.2 However, a “multiple-parallel hit hypothesis” has
recently been proposed for the development of NAFLD/
NASH,? which is associated with adipose tissue-derived
free fatty acid-induced hepatic triglyceride accumulation
and lipotoxicity, mitochondrial dysfunction, oxidative stress,
endoplasmic reticulum stress, and gut-derived-lipopolysac-
charide (LPS)-induced inflammation.!3- There is growing
evidence that the complex interaction between the liver
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and multiple other organs, including the adipose tissue,
gut, and brain, contributes to NASH pathogenesis and
progression.>7-

The spleen modulates the immune system by serving as
the main filter for blood-borne pathogens and antigens, and
also plays an important role in iron metabolism and eryth-
rocyte homeostasis. It is anatomically linked to the liver via
the splenic and portal veins, and spleen-derived humoral
factors affect the hepatic state; splenic lipocalin-2 is an anti-
microbial protein that enters the liver through the portal
vein and regulates hepatic immune tolerance.!” A splenec-
tomy changes the phenotype of hepatic macrophages dur-
ing liver fibrosis!! as well as attenuates hepatic fibrosis in
diet-induced NASH model rats.!> We previously showed
that iron is accumulated in the spleens of Tsumura Suzuki
Obese Diabetes (TSOD) mice, which exhibit histopathologi-
cal features of NASH and develop slight liver fibrosis and
hepatocellular carcinoma.!? In addition, we have shown that
the iron level in the spleen is positively correlated with the
severity of NASH.!* These findings indicate that the spleen
is one of the organs contributing to NASH pathogenesis and
progression, and that splenocyte-derived molecules can be
directly involved in the pathogenesis of NAFLD/NASH via
the portal vein. However, the nature of these molecules in the
early stages of NASH remains unclear. This study aimed to
determine whether splenocytes may exacerbate NASH via
excessive generation of reactive oxygen species (ROS) and
proinflammatory cytokines.

Materials and methods
Animal experiments

Four-week-old male TSOD mice and age-matched Tsumura
Suzuki Non-Obese (TSNO) control mice were obtained
from the Institute for Animal Reproduction (Ibaraki, Japan),
housed in cages (three per cage), and provided free access
to a standard food (CE-2; Clea Japan Inc., Tokyo, Japan)
and water under a temperature of 23 +2°C, humidity of
50 +10%, and a 12-h light (8:00-20:00) and dark (20:00-8:00)
cycle. The animals were allowed to acclimatize to the labora-
tory environment for a week before experiments. All animals
were euthanized at 5 and 12 weeks of age with sevoflurane
anesthesia, and the liver and spleen were collected. The study
protocol was approved by the Institutional Animal Care
and Use Committee of the National Institute of Advanced
Industrial Science and Technology.

Measurement of iron levels using inductively
coupled plasma mass spectrometry

Iron levels were measured as previously described.!* In
brief, the livers and spleens from TSOD or TSNO mice (1=6
each) were lysed using T-PER (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), followed by digestion of the lysates
in HNO; and overnight incubation at 25°C. The digested
tissues were diluted in ultrapure water and examined by
inductively coupled plasma mass spectrometry (ICP-MS)
(XSeries II; Thermo Fisher Scientific Inc.). The iron standard
solution (Kanto Chemical Co., Inc., Tokyo, Japan) was used
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for calibration. Iron levels were compensated for by the pro-
tein levels in tissues, which were measured using the BCA
protein assay kit (Pierce, IL, USA).

RNA isolation and quantitative real-time
polymerase chain reaction

Spleens and livers from TSOD or TSNO mice (1 =6 each) were
preserved with RNAlater (Thermo Fisher Scientific Inc.),
and total RNA was isolated using RNeasy Mini kit (QIAGEN,
Hilden, Germany). Single-stranded cDNA was synthesized
using ReverTraAce (TOYOBO, Shiga, Japan). Gene expres-
sion was assessed using KOD SYBR quantitative polymerase
chain reaction (qPCR) Mix (TOYOBO) and a CEX Connect
Real-Time System (Bio-Rad, Hercules, CA, USA). The follow-
ing primers were used: 5-GCCTGTCTCCTGCTTCTCCT-3"
and 5-GCTCTGTAGTCTGTCTCATCTGTT-3’ for mouse
Hamp, 5-GCTCGAATGAACACTCTGG-3" and 5-GTTC
CTCTGTCAGCATCAC-3’ for mouse Hmox1, 5’-ACTACA
CCGAGATGAACGA-3" and 5-GACGTACTTGAGGGAA
TTCAG-3’ for mouse Gpx1, and 5-GTGGAGCCAAAAG
GGTCATCATCT-3’ and 5-CCTCCTCAGACCGCTTTTT-3"
for mouse Gpadh. The amplification conditions were as fol-
lows: 98 °C for 2min, followed by 40 cycles at 98 °C for 10s,
60°C for 10s, and 68 °C for 30s. The melting curve was ana-
lyzed in a linear temperature gradient (65-95°C) to assess
whether a single polymerase chain reaction (PCR) prod-
uct was synthesized. Relative gene expression levels were
determined after normalization to Gapdh expression level.

Isolation of splenocytes and ROS
measurements

Mouse splenocytes were harvested using our previously
reported method.!* Briefly, tissues from TSOD or TSNO
mice (n=3 each) were dispersed in ice-cold HBSS (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) and cen-
trifuged at 500g for 20min in 37% Percoll (Sigma-Aldrich
Inc., MO, USA). Red blood cell lysis buffer (BioLegend, San
Diego, CA, USA) was added to the pellet and incubated on
ice. The suspension was centrifuged at 500¢ for 5min and
the resulting pellet was washed with RPMI medium (Wako
Pure Chemical Industries, Ltd.) twice. After the centrifuga-
tion, the pellet was resuspended in RPMI and the splenic
cells were counted using a countess automated cell counter
(Invitrogen, MA, USA).

Isolated splenic cells (5 X 10° cells/well) were seeded into
24-well plates (Thermo Fisher Scientific Inc.). After overnight
incubation, the cells were cultured in RPMI medium and
treated with or without 1 mM hydrogen peroxide (H,O,) for
1h and incubated with HBSS containing 10uM of 2,"7’-dichlo-
rodihydrofluorescein diacetate (DCFH-DA; Sigma-Aldrich
Inc.) for 30 min. After washing with PBS, the cells were ana-
lyzed by flow cytometry using the FACSCalibur system
(Becton Dickinson, Franklin Lakes, NJ, USA).

Measurement of tumor necrosis factor-o levels
in the supernatants of cultured splenocytes

Isolated splenocytes (1 X 10° cells/ well) from TSOD or TSNO
mice (n1=3 each) were seeded into 96-well plates (Thermo
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Fisher Scientific Inc.) and cultured with RPMI overnight.
For leukocyte activation, 10ug/mL LPS or 50ng/mL phor-
bol 12-myristate 13-acetate (PMA) + 1 pg/mL ionomycin
was added to cultured cells. After 48 h of incubation, tumor
necrosis factor (TNF)-a levels were measured in the super-
natants using an enzyme-linked immunoassay (ELISA) kit
(eBioscience, Inc., CA, USA).

Identification of macrophage subset

The isolated splenocytes from TSOD or TSNO mice (n=3
each) were blocked with anti-CD16/CD32 (BD Biosciences,
CA, USA), followed by surface staining of CD11b (BioLegend,
Cat# 101205, dilution 1:125), F4/80 (BD Biosciences Cat#
565410, dilution 1:125), and CD68 (BioLegend, Cat# 137007,
dilution 1:125). An isotype control was used as a negative
control for each fluorescent dye. After washing with PBS, the
cells were analyzed by flow cytometry.

Statistical analysis

Data are presented as mean values = SEs, and the num-
ber of replicates in the figure legends represents biologi-
cal replicates. Statistical analyses were performed using
the unpaired Student’s t-test for two-group comparisons.
Analysis of variance followed by Tukey’s test was used
for multiple comparisons using Ekuseru-Toukei 2012 soft-
ware (Social Survey Research Information Co., Ltd., Tokyo,
Japan) according to the experimental design. P <0.05 was
considered significant.

Results
Iron accumulates in the spleen of TSOD mice

We compared hepatic and splenic iron levels between TSOD
and control TSNO mice at age 12 weeks. Hepatic iron content
was comparable between the two mouse strains (25.7 = 1.44
and 24.4 = 1.73ppb/mg protein in TSNO and TSOD mice,
respectively) (Figure 1(a)). However, the splenic iron level
in TSOD mice was markedly higher than that in TSNO mice
(11,932.8 £1719.7 and 508.3 =45.3 ppb/mg protein, respec-
tively) (Figure 1(b)). The expression levels of Hamp, which
encodes a systemic iron homeostasis regulator hepcidin, '
were significantly increased in the spleen (Figure 1(d)) but
not the liver (Figure 1(c)) of TSOD mice compared with those
in TSNO mice. These results suggested that iron accumulates
in the spleen of TSOD mice showing histological features of
NASH in the early stage.

Iron accumulation in splenocytes from TSOD mice
induces ROS generation and increased expression
of antioxidant genes

The reaction between ferrous iron (Fe?*) and H,0, is termed
the Fenton reaction and generates hydroxyl radical (HO:). To
investigate whether the accumulation of iron in splenocytes
generates excessive ROS, we compared their levels between
isolated splenocytes from TSNO and TSOD mice. DCFH-DA
fluorescence intensity in splenocytes from TSOD mice was
higher than that in splenocytes from TSNO mice, regardless

of whether H,0, was added or not (Figure 2(a)). The percent-
ages of DCFH-DA™ cells included in the M1 area in TSNO
and TSOD mice were 6.71 = 0.59% and 13.57 £ 0.93%, respec-
tively (Figure 2(a)).

Hmox1 and Gpx1 encode antioxidant enzymes and are
upregulated by ROS.16 Here, their mRNA levels were sig-
nificantly increased in the spleens of TSOD mice compared
to those in TSNO mice (Figure 2(b) and 2(c)), indicating that
iron accumulation in the splenocytes of TSOD mice promotes
ROS generation, but that this excessive ROS generation may
be attenuated by increasing the expression of antioxidant
enzymes.

Iron accumulation in the spleen is accompanied
by excessive TNF-a production upon macrophage
activation

Since intracellular iron promotes the production of inflam-
matory cytokines,!” we examined TNF-a production by
splenocytes. TNF-a levels in non-stimulated splenocytes
(control) were undetectable (Figure 3). When the splenocytes
were treated with PMA and ionomycin for T-cell stimulation,
TNF-a levels in the supernatants were higher than those in
the control, but the levels were almost the same between
TSNO (345.6 + 60.0pg/mL) and TSOD (271.7 + 18.1 pg/mL)
splenocytes. In contrast, TNF-a levels in the supernatants
of TSOD splenocytes were significantly higher than those
in the supernatants of TSNO splenocytes (1257.4 +93.3 and
433.0 = 62.9 pg/mL, respectively) after macrophage stimula-
tion with LPS (Figure 3).

Macrophages in splenic red pulps reportedly phagocyt-
ize senescent and damaged erythrocytes to recycle iron.!®
To identify the subset of macrophages that is localized in
iron-accumulating spleens at the early stage of NASH,
we measured the distribution of the macrophage marker
F4/80, which is typically considered a mature macrophage
marker,!® and CD68, which is a marker associated with mac-
rophage activation.?’ The percentage of F4/80*CD68" mac-
rophages was higher in TSOD splenocytes than in TSNO
splenocytes (Figure 4(a) to (c)). In addition, the percentage
of F4/80-CD68" macrophages was similar between TSNO
and TSOD splenocytes at age 5weeks (Figure 4(a) and (d)),
whereas the percentage at age 12 weeks was markedly higher
in TSOD splenocytes than in TSNO splenocytes (7.7 +2.2%
vs 1.2+ 0.2%; Figure 4(b) and (d)). These results indicated
that iron accumulation in the spleen is accompanied by
increases in the proportion of immature and activated mac-
rophages with phagocytic activity. Moreover, the results
indicated that excessive amounts of TNF-a are released upon
macrophage activation in the spleens of TSOD mice, and
that non-stimulated splenocytes in TSOD mice release only
a small amount of TNF-a..

Discussion

We previously observed the accumulation of hemosiderin,
an iron-storage complex in macrophages, in the spleen of
TSOD mice at age 12 weeks and detected a significant cor-
relation between splenic iron level and NASH severity.!4
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Figure 1. Hepatic and splenic iron levels in TSNO and TSOD mice. Iron levels in the liver (a) and spleen (b) as determined by ICP-MS. An iron standard solution was
used as reference and adjusted by the protein level in the tissues. Data are presented as the mean values == SE (n=6 each). The expression levels of Hamp in the
liver (c) and spleen (d) as determined by gPCR. Data are presented as mean values relative to TSNO =+ SE (n=6 each). (A color version of this figure is available in
the online journal.)

**P <0.01 compared with TSNO.

These findings suggested that the spleen contributes to  sought to investigate whether splenocytes may exacerbate
NASH pathogenesis and progression through the release of ~NASH through ROS and proinflammatory cytokine pro-
splenocyte-derived molecules via the portal vein. However, ~ duction. We observed iron accumulation in the spleens,
the nature of these molecules remained unclear. Here, we  but not the livers, of TSOD mice exhibiting NASH at an
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Figure 2. ROS generation and expression of antioxidant genes. (a) Differences in the fluorescence intensity of DCFH-DA in splenocytes of TSNO and TSOD mice with
and without H,O,. The bar graph indicates the percentage of cells in the M1 range after H,O, treatment. Hmox1 (b) and Gpx1 (c) expression levels determined after
normalization to the expression level of Gapdh. Data are presented as the mean values = SE (n=6 each). (A color version of this figure is available in the online journal.)
*P <0.05; **P <0.01 compared with TSNO.
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Figure 3. TNF-a levels in the supernatants of cultured splenocytes from TSNO and TSOD mice. Splenocytes from TSNO and TSOD mice were seeded into
96-well plates and TNF-a concentration in the supernatants was determined using an ELISA kit. (A color version of this figure is available in the

online journal.)

LPS: lipopolysaccharide; PMA: phorbol 12-myristate 13-acetate; ION: ionomycin.
Data are presented as the mean values = SE (n=3 each).

**P < 0.01 compared with TSNO.

early stage (Figure 1(a) and (b)), consistent with our previ-
ous findings. Furthermore, we found that iron-accumu-
lating splenocytes could generate moderate amounts of
ROS (Figure 2) and contained phagocytic macrophages that
release excessive amounts of TNF-a, a proinflammatory
cytokine, upon stimulation (Figure 3).

Iron overload polarizes macrophages toward inflamma-
tory M1-like phenotypes,?! which can release substantial
amounts of proinflammatory cytokines, including TNF-o
and interleukin (IL)-6.22 Since long-term treatment with
LPS induces M1 macrophage polarization,?*? the excessive
release of TNF-o from splenocytes after LPS treatment sug-
gested that M1-like macrophages may abundantly exist in
iron-accumulating spleens of TSOD mice. Moreover, inflam-
matory cytokines trigger the upregulation of Hamp, which
encodes hepcidin,? a protein that modulates the cytokine-
induced inflammatory response mediated by the upregu-
lation of suppressor of cytokine signaling 3, a negative
regulator of JAK/STAT signaling.?>2¢ Hepcidin modulates
iron metabolism and cytokine-induced inflammation in
coordination with STAT3.2627 Thus, the increased expression
of splenic Hamp in TSOD mice (Figure 1(d)) may contrib-
ute to suppress the excessive and detrimental inflamma-
tion induced by M1-like macrophages. In fact, control TSOD
cells (without stimulus) did not release TNF-a (Figure 3).
However, the activation of splenic macrophages by exposure
to LPS (Figure 3), which can occur through the ingestion of
contaminated food and gram-negative bacteria, led to high
TNF-a. release. The production of transforming growth fac-
tor (TGF)-B and IL-6 in the spleen may affect liver fibrosis
progression in cirrhosis patients via liver—spleen cross-talk.?
It is noteworthy that splenic macrophage-derived leukot-
riene B4 enhances TNF-a secretion by hepatic Kupffer cells
through the portal vein, and that splenectomy inhibits
LPS-induced expression of TNF-a in the liver.?’ These find-
ings indicate that spleen-derived humoral factors strongly

contribute to the regulation of hepatic inflammation, and
that cytokines released by splenic cells may be involved in
NASH development.

ROS generation can occur not only through Fe2*-
mediated Fenton reaction but also through activated mac-
rophages,® which were abundant in the spleens of TSOD
mice. However, ROS generation was only approximately
2-fold higher in the spleens from TSOD mice than in those
from TSNO mice, regardless of H,0O, exposure (Figure 2(a)),
even though the iron level in the spleens from TSOD mice
was 20-fold higher than that in those from TSNO mice
(Figure 1(a) and (b)). Our findings suggest that the anti-
oxidant capacity in the spleens of TSOD mice exhibiting
NASH at an early stage may be enhanced by increasing
the gene expression of the antioxidant enzymes Hmox1
and Gpx1 (Figure 2(b) and (c)). Indeed, the splenic antioxi-
dant capacity in obese mice has been shown to be higher
than that in normal control mice.?! Furthermore, the half-
life of a hydroxyl radical with a high reactivity is about
10-s in cells;3? therefore, the ROS generated in the spleen
may be unable to directly induce oxidative damage in the
liver. However, intracellular ROS promotes the produc-
tion of inflammatory cytokines®*3* that may lead to hepatic
inflammation. Thus, a slight increase in splenic ROS may
be involved in the exacerbation of NASH.

In conclusion, we found that iron-accumulating spleno-
cytes generate moderate amounts of ROS and release high
amounts of TNF-a after macrophage stimulation. Although
a direct involvement of the splenic iron accumulation in
NASH was not clarified, we will investigate the effect of
splenectomy on the development of NASH in TSOD mice in
the next study. Since spleen-derived ROS and inflammatory
cytokines may indirectly contribute to hepatic inflammation,
the regulation of iron metabolism in the spleen should be
considered in the development of novel therapeutic targets
against NASH.
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