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A B S T R A C T

Iron is an essential trace metal for all biological processes and plays a role in almost every aspect of body growth.
Previously, we found that iron-depletion downregulated the expression of proteins, arginine methyltransferase-1
and 3 (PRMT1 and PRMT3), by an iron-specific chelator, deferoxamine (DFO), in rat liver FAO cell line using DNA
microarray analysis (unpublished data). However, regulatory mechanisms underlying the association between
iron deficiency and PRMT expression are unclear in vitro and in vivo. In the present study, we revealed that the
treatment of cells with two iron-specific chelators, DFO and deferasirox (DFX), downregulated the gene and
protein expression of PRMT1 and 3 as compared with the untreated cells. Subsequently, DFO and DFX treatments
decreased protein methylation. Importantly, these effects were attenuated by a holo-transferrin treatment.
Furthermore, weanling Wistar-strain rats were fed a control diet or an iron-deficient diet for 4 weeks. Dietary iron
deficiency was found to decrease the concentration of hemoglobin and liver iron while increasing the heart
weight. PRMT and protein methylation levels were also significantly reduced in the iron-deficient group as
compared to the control group. To our knowledge, this is the first study to demonstrate that PRMT levels and
protein methylation are reduced in iron-deficient models, in vitro and in vivo.
1. Introduction

Iron is one of the essential trace metals for all biological processes
such as regulation of regulating DNA replication, cell proliferation and
cell growth, and plays an important role in the redox system in almost
tissues [1, 2, 3]. The levels of intracellular iron are strictly regulated by
iron transporters and iron-binding proteins under normal physiological
conditions [4]. In contrast, excess iron causes oxidative stress because of
an increase in the hydroxyl radicals via the Fenton/Haber–Weiss cata-
lytic reaction, which causes tissue damage [5].

Iron deficiency is a nutritional problem face by more than two billion
people, mainly women and children, in the world [6]. Several studies
have suggested that iron deficiency is as a common cause of anemia and
has been recognized as a complication of chronic conditions such as in-
flammatory bowel disease, rheumatoid arthritis, and chronic kidney
disease [7, 8, 9]. In particular, the iron status of an individual may play
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an important role in body health not only via excess iron but also via iron
deficiency. Both iron-excess and -deficiency can lead to significant
problems. Our research group previously reported that phosphatidyl-
choline hydroperoxide, a primary peroxide of biological membranes, is
increased in iron-deficient rat livers with copper accumulation [10].
Furthermore, iron deficiency induces osteoporosis and induction of
reactive oxygen species (ROS) in vitro and in in vivo models [11, 12].
Therefore, the health consequences of iron deficiency-induced anemia
are manifold and include increased mortality rates and decreased phys-
ical capacities.

Our previous study using microarray analysis (GEO, Series ID
GSE109656) revealed that the treatment of rat liver cell line, FAO cells,
with iron-specific chelator deferoxamine (DFO) downregulated 1,859
genes (fold-change > 1.5) compared to untreated cells [13]. Thus, anti-
oxidant molecules including the NAD(P)H dehydrogenase quinone 1 and
glutathione peroxidase protein families were downregulated by DFO
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treatment. Interestingly, we found that methionine
metabolism-associated genes and proteins of arginine methy transferases
(PMRTs), which are involved in post-translational protein methylation,
were also downregulated in DFO-treated cells (unpublished data). Thus,
we focused on the effects of iron-depletion on the protein methylation by
PRMTs in FAO cells.

PRMTs are known to regulate many cellular processes such as
epigenetic gene modifications and expression, RNA processing, DNA
repair, signal transduction, and post-translational protein methylation
[14, 15]. In addition, PRMTs can catalyze the formation of monomethyl
arginine and either asymmetric or symmetric dimethyl arginines [16].
Type I PRMTs catalyze the formation of monomethyl-arginine and
asymmetric dimethyl arginine (ADMA), whereas type II enzymes form
monomethylarginine and symmetric dimethyl arginine. The type I
methyltransferases include PRMT1, PRMT3, PRMT4, PRMT6, and
PRMT8, while the type II enzymes include PRMT5, PRMT7, and PRMT9
[17]. However, the effects of iron-depletion on PRMT expression and
protein methylation remain unclear. In the present study, we examined
the effects of iron-depletion on the protein methylation by down-
regulating PRMT1 and 3 in vitro and in vivo.

2. Materials and methods

2.1. Reagents

FAO cells were treated with the iron-specific chelator deferoxamine
(DFO: Santa Cruz Biotechnology, Dallas, TX, USA) or deferasirox (DFX:
Cayman Chemical, Ann Arbor, Michigan, USA) was purchased, respec-
tively. Antibodies against anti-PRMT1, anti-PRMT3, ADMA and anti-
β-actin were purchased from Santa Cruz Biotechnology.

2.2. Cell culture

FAO cells were cultured in DMEM/F-12 Ham's (Gibco BRL/Invi-
trogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(FBS) (Biowest, Nuaill�e, France), 100 U/mL penicillin, and 100 μg/mL
streptomycin (Gibco BRL/Invitrogen) at 37 �C in 5% CO2.

2.3. Cell viability assay

FAO cells (1�105 cells/well) were cultured with 96-well plates and
then cells were treated with various concentrations of DFO or DFX for 24
h in DMEM/F-12 Ham's containing 10% FBS. After treated cells were
washed twice with phosphate-buffered saline (PBS) at room temperature,
the cell viability was assessed using cell counting kit-8 (CCK-8:
DOJINDO, Kumamoto, Japan). The effect of DFO or DFX on cell viability
was expressed as percent cell viability, with vehicle-treated control cells
set at 100%.

2.4. Animals

Twelve 3-week-old male Wistar rats were purchased from Clea Japan
(Tokyo, Japan) and housed individually in metabolic cages at 22 �C with
a 12-h light/dark cycle. The Tokyo University of Agriculture Animal Use
Committee approved the study protocol, and the animals were main-
tained in accordance with the guidelines for the care and use of labora-
tory animals of the university. All rats were fed a control diet for 3 d of
acclimatization period. After 3 d, all rats were randomly divided into two
experimental groups of six each and fed the control (CTL) diet or an iron-
deficient (ID) diet. The experimental diets were based on the AIN-93G
diet [11]. All rats were allowed access to food ad libitum and were
given free access to distilled water for 4 weeks. After 4 weeks of the
experimental period, all rats were sacrificed, and blood and liver samples
were collected for analysis. Part of the blood sample was used to measure
hemoglobin concentration using the hemoglobin B-test (Wako Pure
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Chemical Industries, Osaka, Japan). Hearts were removed and weighed
because heart enlargement is a sign of iron-deficient anemia.

2.5. Liver iron concentration

Liver samples were dried, weighed, and milled. Milled samples were
demineralized with a 1 mol/L HCl solution. Iron concentration in liver
were analyzed by atomic absorption spectrophotometry (Hitachi A-2000,
Tokyo, Japan) according to the method of Gimblet et al. [18].

2.6. RNA extraction and real-time PCR

Total RNA was isolated from FAO cells or rat liver tissues using the
Sepasol-RNA I Super G (Nacalai Tesque, INC., Kyoto, Japan). Next, cDNAwas
synthesized from total RNA using a PrimeScript RT reagent Kit (Takara
Biotechnology, Shiga, Japan). Furthermore, cDNA from in vivo and in vitro
were analyzed by real-time PCR to determine mRNA expression. Real-time
PCR was performed on an ABI Step one Plus System (Applied Biosystems,
Foster City, CA, USA) using THUNDERBIRD qPCR Mix (Toyobo, Osaka,
Japan). The following primer sets were used: PRMT1 (forward:50-
GGGAAGCTTTGGGTGGCCTGTT-30, reverse:50-TCGGCGCTCATCCCT-30),
PRMT3 (forward:50-GGGAAGCTTTGGGTGGCCTGTT-30, reverse:50-
TCGGCGCTCATCCCT-30), GAPDH (forward:50-CGGCACAGTCAAGGCTGA-
GAATG-30, reverse:50-TGAAGACGCCAGTAGACTCCACGAC-30). All reactions
were normalized to the housekeeping gene GAPDH.

2.7. Western blotting

FAO cells were washed twice with PBS and lysed with RIPA buffer (10
mM Tris-HCl, pH7.6, 150 mM sodium chloride, 0.1%(w/v) sodium
deoxycholate, 0.1%(w/v) sodium dodecyl sulfate, 1.0%(w/v) NP-40
substitute). Livers were homogenized in homogenization buffer (10
mM HEPES (pH7.6, 1 mM EDTA, 250 mM sucrose, and phosphatase and
protease inhibitor cocktails). Those samples were separated by SDS-
PAGE, transferred to PVDF membrane. The membranes were blocked
with 3% bovine serum albumin in Tris-buffered saline with 0.05%
Tween-20 (TBST), and then immunoblot with anti-PRMT1 (1:1000),
anti-PRMT3 (1:1000), anti-ADMA (1:1000) and β-Actin (1:1000) fol-
lowed by HRP-conjugated anti-rabbit/mouse IgG antibodies and visual-
ized using the EzWestLumi plus (ATTO, Tokyo, Japan).

2.8. Statistical analysis

Results are presented as the mean � S.E. All data are the means of
three independent experiments and multiple comparisons were per-
formed with Tukey's test after one-way analysis of variance (ANOVA) for
in vitro study. Student's t-test was performed for in vivo study. Unmatched
letters denote significant differences, p < 0.05.

3. Results

3.1. Iron deficiency downregulated PRMT1 and PRMT3 gene expressions
in FAO cells

FAO cells were treated with various concentrations of DFO or DFX,
and the cell viability was evaluated using CCK-8 assay. DFO did not
change the cell viability compared to untreated cells (Figure 1A). In
contrast, high-doses (100 μM) of DFX induced cytotoxicity but not low-
doses (Figure 1B). This assay indicated that the maximum concentra-
tion used in our subsequent studies (DFO:50 μM or DFX:100 μM) showed
no cytotoxic effects in FAO cells. Furthermore, to demonstrate that DFO
or DFX induced the downregulation of PRMT1 and PRMT3 expressions,
we quantified the mRNA levels in DFO- or DFX-treated FAO cells by real-
time PCR. Compared with untreated cells, both iron-specific chelators
significantly downregulated the expression of PRMT1 and PRMT3 in a
dose-dependent manner (Figure 1C and D). Taken together, these results



Figure 1. Effects of DFO or DFX treatment on gene expression of PRMTs. Cell viability of (A) DFO (0–100 μM) and (B) DFX (0–100 μM) in FAO cells for 24 h. (C and D)
Total RNA of FAO cells was extracted and cDNA was synthesized. Then, the gene expression levels of PRMT1 and PRMT3 were quantified by real-time PCR with
GAPDH serving as the internal standard. Data are shown as the means � S.E. from at least 3 independent experiments. Multiple comparisons were performed using
Tukey's test after one-way ANOVA. Unmatched letters denote significant differences, p < 0.05.
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suggest that downregulation of PRMT1 and PRMT3 under iron-deficient
conditions may decrease protein methylation.

3.2. Iron-deficient condition decreased PRMT1 and PRMT3 protein
expressions and ADMA formation in FAO cells

Generally, PRMT1 and PRMT3 catalyze ADMA formation, which is
protein methylation [17]. Therefore, we examined DFO- and DFX-treated
cells to elucidate whether the iron-specific chelators decreased ADMA
formation by downregulating PRMT1 or PRMT3. After incubation with
Figure 2. DFO or DFX treatment downregulated PRMTs protein and protein methyla
cell lysates were immunoblotted with the indicated antibodies. β-Actin was used a
densitometry using Image J. Protein levels were normalized to β-Actin. Data are s
comparisons were performed using Tukey's test after one-way ANOVA. Unmatched
available as supplementary material.
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DFO or DFX for 24 h, cell lysates were immunoblotted using anti-ADMA
antibody. Treatment with DFO or DFX for 24 h decreased protein ex-
pressions of PRMT1 and PRMT3 and ADMA formation (Figure 2A and B).
The downregulation of protein expressions was in parallel with the gene
expressions of PRMTs. These phenomena indicated that iron-deficient
conditions negatively regulate protein methylation by downregulating
PRMT1 and PRMT3.
tion. The expression FAO cells was exposed to (A) DFO or (B) DFX for 24 h. The
s an internal control. Quantification of PRMT1 or PRMT3 was performed by
hown as the means � S.E. from at least 3 independent experiments. Multiple
letters denote significant differences, p < 0.05. The full uncropped images are
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3.3. Holo-transferrin restored decreasing PRMT1 and PRMT3 protein
expressions and ADMA formation due to iron-deficient conditions in FAO
cells

To confirm whether the iron-deficient condition directly induces the
reduction in PRMT1 and PRMT3 expressions and ADMA formation, we
examined ADMA formation in cells treated with DFO or DFX in the
presence or absence of holo-transferrin. After treating with DFO or DFX
for 16 h, cells were incubated with/without holo-transferrin for 10 h and
cell lysates were subjected to immunoblotting. Thus, protein methylation
decreased after treatment with DFO or DFX alone, whereas the incuba-
tion of DFO- or DFX-treated cells with holo-transferrin restored the levels
of ADMA formation (Figure 3A and B). The incubation of DFO- or DFX-
treated cells with holo-transferrin also increased the protein expres-
sions of PRMT1 and PRMT3 compared to those in cells treated with DFO
or DFX alone. These observations suggested that iron directly affects
ADMA formation by changing PRMT expression.
3.4. Dietary iron deficiency also downregulated PRMTs and decreased
ADMA formation in rats

Next, we examined whether dietary iron deficiency affects PRMT
expression and protein methylation in vivo using rats. There were no
significant differences in food intake, final body weight, and liver weight
(Supplemental data 1). Hemoglobin concentration and iron concentra-
tion in the liver were significantly lower in the ID group than in the CTL
group (Figure 4A and B). In contrast, heart weight was significantly
higher in the ID group than in the CTL group (Supplemental data 1).
Therefore, these data suggested that iron-deficient anemia occurred in rat
fed the iron-deficient diet. To determine the effect of iron deficiency on
gene and protein expressions of PRMTs in the liver, we extracted mRNA
and protein from the rat liver tissue. As a result, PRMT1 and PRMT3 gene
and protein expressions in the ID group were lower than those in the CTL
group (Figure 4C and D). Subsequently, we examined whether iron
deficiency affects ADMA formation in the liver. Although we observed a
robust increase in total ADMA content in the CTL group, ADMA forma-
tion was not detected in the ID group (Figure 4D).
Figure 3. Holo-transferrin attenuated down-regulation of protein methylation in DFO
incubation with (A) DFO or (B) DFX for this period, 50 μM of human holo-transferrin
lysates were immunoblotted with the indicated antibodies. β-Actin was used as an in
means � S.E., from at least 3 independent experiments. Multiple comparisons were
significant differences, p < 0.05. The full uncropped images are available as supplem
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4. Discussion

Iron is an essential element for cellular responses [1, 2, 3]. Our pre-
vious study using microarray analysis indicated that the downregulation
of senescence marker protein 30 by DFO drives cell senescence [13]. In
the same study, we also observed that PRMTs, which are involved in
post-translational protein methylation, were downregulated under
iron-deficient conditions (unpublished data). However, limited infor-
mation is available on the molecular mechanisms underlying the asso-
ciation between PRMTs and iron-deficient conditions. In the present
study, we demonstrated for the first time that both gene and protein
expressions of PRMTs are significantly decreased under iron-deficient
conditions. These results suggest that iron-deficiency-induced down-
regulation of PRMTs might affect protein methylation in the liver.

Several studies showed that both increases and decreases of PRMTs
and protein methylation were observed in various oxidative stress con-
ditions such as H2O2, lysophosphatidylcholine, and nitric oxide [19, 20,
21, 22, 23, 24]. Previously, Bautisa et al. reported that iron-overload
treatment increased ROS production by decreasing the levels of both
PRMT1 and catalase [25]. However, downregulation of PRMTs and
protein methylation in iron-deficient condition has not yet been clearly
understood. Interestingly, our group reported that iron deficiency
induced ROS production [26]. To the best of our knowledge, this is the
novel discovery that showed that protein methylation and expression of
PRMTs during iron-deficient conditions are negatively regulated in vitro
and in vivo. Thus, it is possible that iron-deficient conditions decreased
the levels of PRMT1 and PRMT3 by increasing ROS production, leading
to decreased levels of protein methylation.

In general, iron deficiency increases transferrin receptor 2 (Tfr2)
expression, resulting in recovery of intracellular iron homeostasis [27].
Physiologic levels of holo-transferrin increases Tfr2 and reflects the
changes in the saturation state of iron binding by transferrin [28].
Interestingly, the effect of iron-deficient conditions by DFO treatment
was reversed by iron-saturated transferrin (holo-transferrin) but not by
iron-free transferrin (apo-transferrin) [29]. Therefore, incubation with
holo-transferrin can increase the ferrous iron concentration. In the pre-
sent study, we observed that holo-transferrin treatment attenuated the
or DFX treated cells. FAO cells were incubated with DFO or DFX for 16 h. After
was added for 10 h as an iron source. At the incubation, cells were lysed and the
ternal control. Protein levels were normalized to β-actin. Data are shown as the
performed using Tukey's test after one-way ANOVA. Unmatching letters denote
entary material.



Figure 4. Dietary iron-deficiency downregulated PRMTs expression and decreased protein methylation in the liver. (A) Blood hemoglobin concentration and (B) iron
concentration in liver. (C) RNA was extracted from liver tissue, and cDNA was synthesized. Then, the gene expression levels of PRMT1 and PRMT3 mRNA were
quantified by real time PCR, with GAPDH serving as the internal standard. (D) After liver tissues were homogenized with 4-fold of homogenization buffer, western blot
analyses were performed to detect the indicated antibodies. β-Actin was used as internal control. Data are shown as the means � S.E. from 6 rats. Unmatching letters
denote significant differences, p < 0.05 using Student's t-test. The full uncropped images are available as supplementary material.
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downregulation of PRMT1 and PRMT3 expression in iron-deficient
conditions. Interestingly, we found that the supplementation of
holo-transferrin also obviously increased protein methylation under
iron-deficient conditions. Furthermore, we observed dietary
iron-deficient rats showed decreased PRMT1 and PRMT3 expression and
protein methylation compared to the control rats. In fact, hepatic TfR2
levels in iron-deficient rats were reduced compared to those in rats fed
the control diet with normal iron levels [30, 31]. Thus, we proposed that
low iron status reflects protein methylation levels in vivo as well as in
vitro. This result may imply that iron content can regulate protein
methylation by increasing PRMT expression.

Protein methylation and PRMT1 protein levels decrease in young WI-
38 human diploid fibroblasts compared to replicative senescent fibro-
blasts [20]. In addition, several researchers have reported the funda-
mental roles of protein methylation in aging [32, 33]. Our data suggested
that iron-deficient conditions could be linked with protein methylation
by downregulation of PRMTs and cellular senescence. Therefore, we
proposed that iron deficiency-induced downregulation of PRMTs and
protein methylation not only maintained iron homeostasis but also pro-
moted cell senescence. However, in the present study, the investigation
on the relationship between protein methylation and the aging process in
iron-deficient conditions was insufficient. Further in vivo studies are
required in the long term.

Finally, we investigated the effects of iron-deficient conditions on
protein methylation via PRMTs. To our knowledge, this is the first study
to report that DFO and DFX decreased protein methylation by down-
regulating the expression of PRMT1 and PRMT3 in vitro and in vivo. In
conclusion, these results suggested that protein methylation and PRMTs
might correlate iron status with cellular homeostasis including cell
senescence.

Declarations

Author contribution statement

H. Inoue: Conceived and designed the experiments; Performed the
experiments; Analyzed and interpreted the data; Wrote the paper.
5

M. Uehara: Conceived and designed the experiments; Analyzed and
interpreted the data; Wrote the paper.

N. Hanawa: Performed the experiments; Analyzed and interpreted the
data.

Y. Aizawa: Performed the experiments.
S. Katsumata: Analyzed and interpreted the data.
R. Tsuboi-Katsumata, M. Tanaka, N. Takahashi: Contributed reagents,

materials, analysis tools or data.

Funding statement

This work was supported by Japan Society for the Promotion of Sci-
ence (16K16609).

Competing interest statement

The authors declare no conflict of interest.

Additional information

Supplementary content related to this article has been published
online at https://doi.org/10.1016/j.heliyon.2020.e05059.

References

[1] P. Aisen, C. Enns, M. Wessling-Resnick, Chemistry and biology of eukaryotic iron
metabolism, Int. J. Biochem. Cell Biol. 33 (2001) 940–959.

[2] C. Zhang, F. Zhang, Iron homeostasis and tumorigenesis: molecular mechanisms
and therapeutic opportunities, Protein Cell 6 (2015) 88–100.

[3] C. Zhang, Essential functions of iron-requiring proteins in DNA replication, repair
and cell cycle control, Protein Cell 5 (2014) 750–760.

[4] J. Xu, E. Marzetti, A.Y. Seo, J.-S. Kim, T.A. Prolla, C. Leeuwenburgh, The emerging
role of iron dyshomeostasis in the mitochondrial decay of aging, Mech. Ageing Dev.
131 (2010) 487–493.

[5] J.A. Imlay, S.M. Chin, S. Linn, Toxic DNA damage by hydrogen peroxide through
the Fenton reaction in vivo and in vitro, Science 240 (1988) 640–642.

[6] K.-S. Min, E. Sano, H. Ueda, F. Sakazaki, K. Yamada, M. Takano, K. Tanaka, Dietary
deficiency of calcium and/or iron, an age-related risk factor for renal accumulation
of cadmium in mice, Biol. Pharm. Bull. 38 (2015) 1557–1563.

[7] F. Gomoll�on, J.P. Gisbert, Anemia and inflammatory bowel diseases, World J.
Gastroenterol. 15 (2009) 4659–4665.

https://doi.org/10.1016/j.heliyon.2020.e05059
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref1
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref1
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref1
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref2
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref2
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref2
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref3
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref3
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref3
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref4
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref4
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref4
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref4
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref5
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref5
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref5
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref6
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref6
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref6
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref6
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref7
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref7
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref7
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref7


H. Inoue et al. Heliyon 6 (2020) e05059
[8] J.F. Baker, A.J. Ghio, Iron homoeostasis in rheumatic disease, Rheumatology 48
(2009) 1339–1344.

[9] G. Weiss, L.T. Goodnough, Anemia of chronic disease, N. Engl. J. Med. 352 (2005)
1011–1023.

[10] M. Uehara, H. Chiba, H. Mogi, K. Suzuki, S. Goto, Induction of increased
phosphatidylcholine hydroperoxide by an iron-deficient diet in rats, J. Nutr.
Biochem. 8 (1997) 385–391.

[11] S. Katsumata, R. Katsumata-Tsuboi, M. Uehara, K. Suzuki, Severe iron deficiency
decreases both bone formation and bone resorption in rats, J. Nutr. 139 (2009)
238–243.

[12] H. Inoue, K.-I. Kobayashi, M. Ndong, Y. Yamamoto, S.-I. Katsumata, K. Suzuki,
M. Uehara, Activation of Nrf2/Keap1 signaling and autophagy induction against
oxidative stress in heart in iron deficiency, Biosci. Biotechnol. Biochem. 79 (2015)
1366–1368.

[13] H. Inoue, N. Hanawa, R. Katsumata-Tsuboi, S.-I. Katsumata, N. Takahashi,
M. Uehara, Down-regulation of senescence marker protein 30 by iron-specific
chelator deferoxamine drives cell senescence, Biosci. Biotechnol. Biochem. 82
(2018) 900–903.

[14] F.-M. Boisvert, J. Côt�e, M.-C. Boulanger, S. Richard, A proteomic analysis of
arginine-methylated protein complexes, Mol. Cell. Proteomics 2 (2003) 1319–1330.

[15] W.K. Paik, D.C. Paik, S. Kim, Historical review: the field of protein methylation,
Trends Biochem. Sci. 32 (2007) 146–152.

[16] A.E. McBride, P.A. Silver, State of the arg: protein methylation at arginine comes of
age, Cell 106 (2001) 5–8.

[17] H.S. Scott, S.E. Antonarakis, M.D. Lalioti, C. Rossier, P.A. Silver, M.F. Henry,
Identification and characterization of two putative human arginine
methyltransferases (HRMT1L1 and HRMT1L2), Genomics 48 (1998) 330–340.

[18] E.G. Gimblet, A.F. Marney, R.W. Bonsnes, Determination of calcium and magnesium
in serum, urine, diet, and stool by atomic absorption spectrophotometry, Clin.
Chem. 13 (1967) 204–214.

[19] Y. Lim, E. Lee, J. Lee, S. Oh, S. Kim, Down-regulation of asymmetric arginine
methylation during replicative and H2O2-induced premature senescence in WI-38
human diploid fibroblasts, J. Biochem. 144 (2008) 523–529.

[20] S.-J. Jia, D.-J. Jiang, C.-P. Hu, X.-H. Zhang, H.-W. Deng, Y.-J. Li,
Lysophosphatidylcholine-induced elevation of asymmetric dimethylarginine level
by the NADPH oxidase pathway in endothelial cells, Vasc. Pharmacol. 44 (2006)
143–148.

[21] B.K. Redel, K.J. Tessanne, L.D. Spate, C.N. Murphy, R.S. Prather, Arginine increases
development of in vitro-produced porcine embryos and affects the protein arginine
6

methyltransferase-dimethylarginine dimethylaminohydrolase-nitric oxide axis,
Reprod. Fertil. Dev. 27 (2015) 655–666.

[22] S.K. Lim, Y.W. Jeong, D.I. Kim, M.J. Park, J.H. Choi, S.U. Kim, S.S. Kang, H.J. Han,
S.H. Park, Activation of PRMT1 and PRMT5 mediates hypoxia- and ischemia-
induced apoptosis in human lung epithelial cells and the lung of miniature pigs: the
role of p38 and JNK mitogen-activated protein kinases, Biochem. Biophys. Res.
Commun. 440 (2013) 707–713.

[23] Y. Morales, D.V. Nitzel, O.M. Price, S. Gui, J. Li, J. Qu, J.M. Hevel, Y. Morales,
Redox control of protein arginine methyltransferase 1 (PRMT1) activity, J. Biol.
Chem. 290 (2015) 14915–14926.

[24] K. Yamagata, H. Daitoku, Y. Takahashi, K. Namiki, K. Hisatake, K. Kako, H. Mukai,
Y. Kasuya, A. Fukamizu, Arginine methylation of FOXO transcription factors
inhibits their phosphorylation by Akt, Mol. Cell. 32 (2008) 221–231.

[25] E. Bautista, P. Vergara, J. Segovia, Iron-induced oxidative stress activates AKT and
ERK1/2 and decreases Dyrk1B and PRMT1 in neuroblastoma SH-SY5Y cells,
J. Trace Elem. Med. Biol. 34 (2016) 62–69.

[26] H. Inoue, N. Hanawa, S.-I. Katsumata, R. Katsumata-Tsuboi, N. Takahashi,
M. Uehara, Iron deficiency induces autophagy and activates Nrf2 signal through
modulating p62/SQSTM, Biomed. Res. 38 (2017) 343–350.

[27] J.P. Lu, K. Hayashi, M. Awai, Transferrin receptor expression in normal, iron-
deficient and iron-overloaded rats, Acta Pathol. Jpn. 39 (1989) 759–764.

[28] A. Robb, M. Wessling-Resnick, Regulation of transferrin receptor 2 protein levels by
transferrin, Blood 104 (2004) 4294–4299.

[29] J.E. Hunter, Variable effects of iron status on the concentration of ferritin in rat
plasma, liver, and spleen, J. Nutr. 108 (1978) 497–505.

[30] H. Kawabata, R. Yang, T. Hirama, P.T. Vuong, S. Kawano, A.F. Gombart,
H.P. Koeffler, Molecular cloning of transferrin receptor 2. A new member of the
transferrin receptor-like family, J. Biol. Chem. 274 (1999) 20826–20832.

[31] Y. Lim, E. Hong, D. Kwon, E. Lee, Proteomic identification and comparative analysis
of asymmetrically arginine-methylated proteins in immortalized, young and
senescent cells, Electrophoresis 31 (2010) 3823–3833.

[32] T.R.H. Mitchell, K. Glenfield, K. Jeyanthan, X.-D. Zhu, Arginine methylation
regulates telomere length and stability, Mol. Cell Biol. 29 (2009) 4918–4934.

[33] Y. Takahashi, H. Daitoku, K. Hirota, H. Tamiya, A. Yokoyama, K. Kako,
Y. Nagashima, A. Nakamura, T. Shimada, S. Watanabe, K. Yamagata, K. Yasuda,
N. Ishii, A. Fukamizu, Asymmetric arginine dimethylation determines life span in C.
elegans by regulating forkhead transcription factor DAF-16, Cell Metabol. 13 (2011)
505–516.

http://refhub.elsevier.com/S2405-8440(20)31902-2/sref8
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref8
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref8
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref9
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref9
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref9
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref10
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref10
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref10
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref10
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref11
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref11
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref11
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref11
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref12
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref12
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref12
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref12
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref12
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref14
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref14
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref14
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref14
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref14
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref15
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref15
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref15
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref16
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref16
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref16
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref17
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref17
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref17
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref17
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref18
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref18
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref18
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref18
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref19
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref19
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref19
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref19
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref20
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref20
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref20
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref20
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref20
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref21
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref21
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref21
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref21
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref21
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref23
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref23
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref23
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref23
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref24
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref24
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref24
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref24
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref25
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref25
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref25
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref25
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref26
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref26
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref26
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref26
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref27
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref27
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref27
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref28
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref28
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref28
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref29
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref29
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref29
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref30
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref30
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref30
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref30
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref31
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref31
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref31
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref31
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref32
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref32
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref32
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref33
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref33
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref33
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref33
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref33
http://refhub.elsevier.com/S2405-8440(20)31902-2/sref33

	Iron deficiency negatively regulates protein methylation via the downregulation of protein arginine methyltransferase
	1. Introduction
	2. Materials and methods
	2.1. Reagents
	2.2. Cell culture
	2.3. Cell viability assay
	2.4. Animals
	2.5. Liver iron concentration
	2.6. RNA extraction and real-time PCR
	2.7. Western blotting
	2.8. Statistical analysis

	3. Results
	3.1. Iron deficiency downregulated PRMT1 and PRMT3 gene expressions in FAO cells
	3.2. Iron-deficient condition decreased PRMT1 and PRMT3 protein expressions and ADMA formation in FAO cells
	3.3. Holo-transferrin restored decreasing PRMT1 and PRMT3 protein expressions and ADMA formation due to iron-deficient condition ...
	3.4. Dietary iron deficiency also downregulated PRMTs and decreased ADMA formation in rats

	4. Discussion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


