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Regulation of Iron-Related Molecules In the Rat
Hippocampus: Sex- and Age-Associated Differences

Srinivasarao Thulluri'-3*, Miaozong Wu23#", Eric R. Blough23-3, Nandini D.PK. Manne?3,
Ashley B. Litchfield?, Bin Wang'-3

IDepartment of Chemistry, 2Department of Biological Sciences, Center for Diagnostic Nanosystems,
“4Department of Internal Medicine, "Department of Pharmacology, Physiology and Toxicology,
Marshall University, Huntington, WV 25755

Abstract. Iron accumulation, especially that of free oxidized ferrous iron, has been shown to induce tissue
oxidative damage and contribute to brain aging and the development of neurodegenerative disease. Here
we examine whether sex and advanced age affect the expression of iron-related molecules that participate in
regulating free iron levels (heme oxygenase 1 (HO1), iron-regulatory protein 1 (IRP1), and ferritin heavy
chain (FTH)) and whether changes in the expression of these molecules are associated with differences in
the expression of alpha-synuclein (ASN) which is thought to be a critical regulator in the pathogenesis of
neurodegeneration. Using a well-established aging animal model, we demonstrate that the expression of
HOI1, FTH, and IRP1 mRNAs is higher in the female hippocampus than that observed in male Fischer
344/NNiaHSD x Brown Norway/BiNia (F344BN) rats, regardless of age group. Consistent with these sex-
associated alterations in iron-related regulators, the expression of ASN mRNA and protein in the female
hippocampus was lower than that found in male rats. These results suggest a sex-dependent difference in
regulating the expression of molecules involved in iron metabolism and neurodegeneration. A similar find-
ing in humans, if present, may help to shed light on why sex may affect the incidence of neurodegenerative
disorders.

Key words: Sex, Aging, Hippocampus, Heme oxygenase 1 (HOI1), Ferritin, Iron-regulatory protein 1
(IRP1), Alpha-synuclein (ASN)

Introduction leading to the hypothesis that the accumulation of

iron in the brain may play a key role in brain aging
and in the development of age-related neurodegen-
erative disease [1, 8-10]. In addition to aging, it is
also likely that sex plays a role, as males exhibit a
significantly higher incidence of Parkinson’s dis-
ease than females [2], although no significant dif-
ferences in iron level have been reported between
male and female brains [11]. Information regarding
how sex may influence the development of age-as-
sociated neurodegenerative diseases is currently
sparse.

It is well known that advanced age is associated
with an elevated risk of developing Parkinson’s dis-
case and other neurodegenerative disorders [1, 2].
The mechanism(s) responsible for the pathological
development of these disorders is currently unclear,
but some have suggested that a diminished ability
to respond to stress, elevations in tissue reactive
oxygen species (ROS), and alterations in metal ho-
meostasis may be involved [3-7]. Indeed, age-asso-
ciated increases in tissue iron are associated with
increased tssue ROS and neuronal damage,
Heme oxygenase (HO) is a ubiquitously expressed
enzyme responsible for the degradation of heme
[12]. The expression of HOI1 is induced by cellular
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stress, such as that caused by exposure to UV light,
clevated levels of pro-oxidants, or metal
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dyshomeostasis [13, 14]. Deregulation of HO1 has
been linked to several neurodegenerative disorders,
including Alzheimer’s disease and Parkinson’s dis-
ease [15-17]. When released from heme, free iron
can be sequestered by binding with ferritin, a glob-
ular protein that contains 24 subunits composed of
two functionally-distinct proteins that are encoded
at various ratios by two different genes: ferritin
heavy chain (FTH, 21 kDa) and ferritin light chain
(FTL, 19 kDa). FT'H-rich ferritin predominates in
cells and tissues that have high oxidative respira-
tion because FT'H functions to catalyze the oxida-
tion of Fe* [18]. These ferritin molecules not only
function in iron storage, but also help to prevent
increased free-iron-mediated oxidative damage.
Although not well understood, the regulation of
iron metabolism is, at least partially, regulated by
the iron-regulatory proteins (IRPs) [19]. IRP1 is the
most abundant isoform that can bind to mRNAs
bearing iron-responsive elements (IREs) and de-
crease expression of iron-related proteins such as
FTH and FTL [19, 20].

Increased expression of alpha-synuclein (ASN) is
thought to relate to the development of neurode-
generative diseases [21]. Elevated ASN mRNA and
protein expression have been reported in Parkinson’s
patients [22-24]. The ASN molecules can aggregate
and form abnormal protein clusters in the Lewy
bodies, a structure commonly found in the brains
of Parkinson’s patients [22-25]. Interestingly, an
IRE-like stem-loop structure has been found in the
5" untranslated region (S'UTR) of ASN mRNA
[26, 27], which suggests the possibility of a link be-
tween iron dysregulation and the development of
neurodegenerative discases.

Here we hypothesize that sex and advanced age af-
fect the expression of iron-related molecules, which
in turn alter the expression of alpha-synuclein. It
has been suggested that the hippocampus is more
vulnerable to oxidative damage, and that dopa-
mine denervation in Parkinson’s disease is associ-
ated with ASN deposition in the hippocampus
[28]. Therefore, we chose to examine how sex and
advanced age affect iron-related molecules and ex-
pression of ASN in the hippocampus of Fischer
344/NNiaHSD x Brown Norway/BiNia (F344BN)
rats, a well-established aging animal model [29].

Our findings provide evidence for sex-dependent
differences in the expression of molecules involved
in iron metabolism and neurodegeneration in the
rat hippocampus.

Materials and Methods

Animals. Animal care and use were approved by
the Marshall University Institutional Animal Care
and Use Committee (IACUC approval number
#346), and the “Principles of Laboratory Animal
Care” (NIH publications No. 86-23, revised 1985)
were followed. Male (6- and 33-month-old) and
female (6- and 30-month-old) F344BN rats (n = 6
in each of the 4 groups) were obtained from the
National Institute of Aging (Bethesda, MD).
Animals were housed 2 per cage in a vivarium ap-
proved by the American Association of Laboratory
Animal Care. Housing conditions included a 12-
hour light/dark cycle, with the temperature main-
tained at 22 + 2°C as previously outlined [5]. Food
and water were provided ad libitum, and animals
were allowed to recover from shipment for at least
2 weeks before experimentation. Based on rat sur-
vival curves obtained from the National Institute
of Aging, the age of a 30-month-old female
F344BN is approximately equivalent to that of a
33-month-old male rat. Six-month-old male and
female rats (n = 6 per group) were used as the adult
controls.

Tissue isolation. The rats were anesthetized by an
intraperitoneal injection of a ketamine-xylazine
(4:1) cocktail administered at 50 mg/kg, and sup-
plemented as necessary for reflexive response as de-
tailed elsewhere [5]. Brains were removed and
rinsed in Krebs solution to remove any superficial
blood. The hippocampus was quickly separated
from the whole brain, blotted dry, and immediately
frozen in liquid nitrogen [30]. Tissue samples were
stored at -80°C until furcher use.

RNA extraction and real-time quantitative
PCR (RT-qPCR). The hippocampus tissue was ho-
mogenized in TRI reagent (Ambion, Austin, TX)
at a ratio of 1 mL of TRI reagent per 100 mg of
tissue, as outlined by the manufacturer. After a 5
minute incubation, the homogenates were centri-
fuged (12,000 x g for 15 min at 4°C). The supernate
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Table 1. PCR primers used to quantify the levels of HOI, FTH,
IRP1, ASN, B-actin, and GAPDH transcripts

HOL forward primer 5-TGCTCGCATGAACACTCTG-3’
HOL1 reverse primer 5-TCCTCTGTCAGCAGTGCCT-3
FTH forward primer 5-CTGAATGCAATGGAGTGTGC-3
FTH reverse primer 5-TCTTGCGTAAGTTGGTCACG-3

Inc., Foster City, CA) as pre-
viously outlined [31, 32]. PCR
reactions were run on an ABI
7000 Real-Time PCR system
(Applied  Biosystems Inc.,
Foster City, CA) using the
following cycling conditions:
50°C for 2 minutes, 95°C for
10 minutes, followed by 40

IRP1 forward primer 5" TTGCCGAGCCCTTGGACCCT-3’

IRP1 reverse primer 5-TCACAGTTCCGAACGGCGGC-¥

ASN forward primer 5-AGGGAGTCGTTCATGGAGTG-3

ASN reverse primer 5-CCCTCCACTGTCTTCTGAGC-¥

B-actin forward primer 5-CAACCTTCTTGCAGCTCCTC-3’
B-actin reverse primer 5-TCTGACCCATACCCACCATC-3

GAPDH forward primer 5-GGCTCTCTGCTCCTCCCTGTTCT-3
GAPDH reverse primer 5-GCCAAATCCGTTCACACCGACCTT-3

cycles at 95°C for 15 seconds
and 60°C for 1 minute [31,
32]. All experiments were re-
peated in triplicate using
B-actin and glyceraldehyde
3-phosphate  dehydrogenase
(GAPDH) as an internal con-
trol. The forward and reverse

was collected and mixed with 200 pL chloroform
(Sigma-Aldrich, Inc., St. Louis, MO). After a 10
minute incubation at room temperature, the aque-
ous phase of the mixed solution was collected via
centrifugation (12,000 x g for 15 min at 4°C) and
then mixed with 500 uL isopropanol (Sigma-
Aldrich Inc., St. Louis, MO). RNA pellets were
precipitated (12,000 x g for 10 min at 4°C), washed
with 75% ethanol, and then dried under vacuum
(Eppendorf Vacufuge Model 5301 Vacuum
Concentrator, Westbury, NY). After dissolving the
RNA pellet with 50 pL of nuclease-free water,
RNA was quantified at 260 nm using a NanoVue
UV-Vis  Spectrophotometer (GE  Healthcare,
Piscataway, NJ). RNA integrity was confirmed us-
ing a RNA 6000 Nano Kit and an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara,
CA). RNA samples were stored at  -80°C unil
further use.

Reverse transcription coupled with RT-qPCR was
used to quantify the relative abundance of HOI,
FTH, IRP1, and ASN mRNAs in hippocampus
samples. Complimentary DNA (cDNA) libraries
were synthesized using a High Capacity ¢cDNA
Reverse Transcription Kit (Applied Biosystems
Inc., Foster City, CA) as per the manufacturer’s in-
structions. RT-qPCR was set up using the Power
SYBR Green PCR Master Mix (Applied Biosystems

primers (Table 1) were pur-

chased from Integrated DNA

technologies  (San  Diego,
CA). The expression of HO1, FTH, IRP1, and
ASN mRNAs were normalized to the geometric
means of B-actin and GAPDH mRNAs, and the
2-ACt method was used to calculate the relative
mRNA expression level [31, 32].

Immunoblotting analysis. Hippocampus protein
was extracted via homogenization in Pierce tissue
protein extraction reagent buffer (T-PER; Thermo
Fisher Scientific Inc., Rockford, IL) containing
protease inhibitors (#P8340; Sigma-Aldrich Inc.,
St. Louis, MO) and phosphatase inhibitors
(#P5726; Sigma-Aldrich Inc., St. Louis, MO) as
previously detailed [5, 33]. The total protein con-
centration of each homogenate was determined us-
ing the Pierce 660 nm protein assay (Pierce,
Rockford, IL). Samples containing equal amounts
of protein (to a final concentration of 2.0 pg/pL)
were boiled in SDS-loading buffer (Sigma-Aldrich
Inc., St. Louis, MO), and then separated on precast
10 or 15% SDS-PAGE gels (Lonza Rockland,
Rockland, ME) before being transferred to nitro-
cellulose membranes as described elsewhere [5, 33].
Gels were stained with RAPID protein reagent
(G-Biosciences, St. Louis, MO) to confirm equal
protein loading and the transfer efficiency of pro-
teins onto the membranes.
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0.07 t The expression of the target protein
8 0.06 was visualized following incubation of
= ] the nitrocellulose membranes with
'g 0.0 ECL Western Blotting reagent (GE
S 004 Healthcare Bio-Sciences, Piscataway,
g * NJ). The amount of target protein
4 0.03 I present  was  quantified  using
% 0.02 % AlphaEaseFC image analysis software,
E 001 1 and was normalized to the amount of

’ GAPDH.
0 v v . " Data analysis. Results are presented
F-6 F-30 M-6 M-33

as the mean + SEM. A two-way analy-
sis of variance (ANOVA) followed by a

Figure 1 Heme ox);(?mase 1 (HOI) mRNA expression in the hippo-
campus in adult an

33-month-old male rats). Data are means * SEM (n = 6 per group).
There are gender (p < 0.05) and age (p < 0.05) differences, but there
is no interaction between gender and age (p = 0.47). 1: age difference
(p < 0.05) within the same gender; *: gender difference (p < 0.05)

within the same age.
9
8 4
11
6 s

5 9
4 4 %*

aged female and male F344BN rats (F-6 and
F-30: 6- and 30-month-old female rats; M-6 and M-33: 6- and

3 I
2 4
1 4
0 Y Y y Y

Relative Abundance

F-6 F-30 M-6

Figure 2 Ferritin heavy chain (FTH) mRINA expression in the hip-
pocampus in adult and aged female and male F344BN rats (F-6 and
F-30: 6- and 30-month-old female rats; M-6 and M-33: 6- and
33-month-old male rats). Data are means = SEM (n = 6 per group).
There is a difference by gender (p < 0.05), but there is neither an age
effect (p = 0.20) nor an interaction between gender and age (p =
0.86). * gender difference (p < 0.05) within the same age.

To probe for the antigen of interest, the nitrocellu-
lose membranes were first incubated with an anti-

3).

M-33

Student-Newman-Keuls test was per-
formed using the SigmaStat 3.5 statis-
tical program (SPSS Science Inc.,
Chicago, IL) to determine the effect of
sex (male versus female), age (adult
versus aged), and the interaction of sex
x age on both mRNA and protein ex-
pression. A value of p < 0.05 was con-
sidered to be statistically significant.

Results

The expression of HOI, FTH, and
IRPI mRNAs in rat hippocampus.
The expression of HOI mRNA was
higher in the female hippocampus
than that observed in the male ani-
mals (p < 0.05; Figure 1). The expres-
sion of HOI mRNA in the aged fe-
male hippocampus was higher than
that in the adult female rats (p < 0.05),
while HOl mRNA expression was
unaltered with aging in males (Figure
1). The expression of both FTH and
IRP1 mRNAs in the female hippo-
campus were higher than in male rats
(p < 0.05; Figures 2, 3), and were un-

altered with aging in rats of either sex (Figures 2,

gen-specific primary antibody, followed by incuba-
tion with the appropriate horseradish peroxidase
(HRP)-linked secondary antibody. The primary
antibody against ASN was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA); the
GAPDH antibody and HRP-linked anti-rabbit
IgG secondary antibody were obtained from Cell
Signaling Technology (Danvers, MA).

The expression of ASN mRNA in rat hippocam-
pus. The expression of ASN mRNA in the female
hippocampus was lower than that observed in ei-
ther the adult or aged male rats (p < 0.05; Figure 4)
and was unaltered with aging in rats of cither sex
(Figure 4).

The expression of ASN protein in rat hippocam-
pus. The expression of ASN protein was lower in
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the female hippocampus than in that 0.25
of males (p < 0.05; Figure 5). The ex- ®
pression of ASN protein in the aged g o2
female hippocampus was higher than 8
that in adult female rats (p < 0.05), §0A15
and was unaltered with aging in £ *
. < %
males (Figure 5). @ 0.4 T
z I
s
@ 0.05
. . '
Discussion
o L] LI L] L ] L]
It is well known that females and E-6 E-30 M-6 M-33
males display different rates of aging,
hile others h lated that th Figure 3 Iron-regulatory protein (IRP1) mRNA expression in
WALLE OThels 1ave postuiated that the the hippocampus in aa’u[g and aged female and male F344BN

interaction of sex with age may play a
role in the development of disease [2,
34-36]. Using the F344BN rat model
[5, 10, 29], we have herein demon-
strated significant sex-associated dif-
ferences in the regulation of iron- and
neurodegeneration-related molecules 3
in the hippocampus. These data sup-
port the possibility that sex may play
a role in the development of age- and
iron-related neurodegenerative
diseases.

HOL1 is an inducible heme oxygenase
that functions to degrade the pro-
oxidant heme in response to stress.
Consistent with previous work [37],

Relative Abundance
&n

rats (F-6 and F-30: 6- and 30-month-old female rars; M-6
and M-33: 6- and 33-month-old male rats). Data are means £
SEM (n = 6 per group). There is a gender effect (p <0.05), bur
there is neither an age (p = 0.56) nor an interaction between
gender and age (p = 0.86). *: gender difference (p < 0.05) with-

in the same age.

we demonstrated that the expression
of HOLI is increased with age (Figure
1). We also found, for both adult and
aged rats, that HOL expression is
higher in the female hippocampus
when compared to that observed in
the age-matched male hippocampus
(Figure 1). As an important antioxi-
dant enzyme and a dynamic sensor of
cellular oxidative stress, the increased
HOI1 expression in the aged female
hippocampus may protect cells by degrading pro-
oxidant metalloporphyrins. This finding, if pres-
ent, may help to explain why some have suggested
that the female rat brain exhibits better control of
oxidative stress balance than does the male brain in
animals of similar ages [11, 38].

Free ferrous iron generated from the HO1-induced
degradation of heme is a potential stimulator of

F-6 F-30 M-6 M-33

Figure 4 Alpha-synuclein (ASN) mRNA expression in the bip-
pocampus in adult and aged female and male F344BN rats
(F-6 and F-30: 6- and 30-month-old female rars; M-6 and
M-33: 6- and 33-month-old male rats). Data are means £
SEM (n = 6 per group). There is a difference by gender (p <
0.03), but there is neither an age qﬁ’rtg) = 0.31) nor an inter-
action between gender and age (p = 0.49)

(p < 0.05) within the same age.

. % gender difference

oxidative stress, as it mediates the formation of free
radicals [39, 40]. Although no significant differ-
ences in total iron level between male and female
brains of Sprague-Dawley rats have been reported
[11], it is worthwhile to note that it is free ferrous
iron that mediates the formation of free radicals
[39, 40]. When bound to the iron storage protein
ferritin, free ferrous iron is converted to a non-toxic
form [18, 41]. Given that the expression of FT'H is
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Figure 5. Alpha-synuclein (ASN) protein expression in the hippocam-
pus in adult and aged female and male F344BN rats (F-6 and F-30:
G- and 30-month-old female rats; M-6 and M-33: 6- and 33-month-
old male rass). Dara are means £ SEM (n = G per gVOI;/)). There are
gender (p < 0.05) and age (p < 0.05) differences. §: age difference (p <
0.05) within the same gender; *: gender difference (p < 0.05) within

functions to inhibit the binding of
IRP1 to IRE thereby allowing trans-
lation and synthesis of proteins [18,
26]. Additional data from in vitro ex-
periments has suggested that knock-
down of IRP1 results in increased ex-
pression of both ASN mRNA and
protein in human SK-N-SH cells
[42]. In the current study, we ob-
served higher expression of HOL1
(Figure 1) and FTH (Figure 2) in
the female hippocampus, which is
consistent with the possibility of di-
minished free iron content. This find-
ing, if present, suggests a higher bind-
ing of IRP1 to the IRE in the UTR
of target mRNA and inhibition of
target protein translation [18, 26].
This possibility is supported by our
findings of decreased ASN mRNA
and protein in the female hippocam-
pus (Figures 4 and 5, respectively).
Although the results of the present
study alone are not sufficient to deter-
mine whether there is a causative link
between the development of neurode-

the same age.

higher in the female hippocampus than in that of
age-matched males (Figure 2), it is possible that
the female brain is better able to “capture” free iron
from tissues, thus potentially protecting against its
deleterious effects and the associated oxidative
damage. Future research that includes the mea-
surement of free ferrous iron in hippocampal tissue
will provide valuable information for testing this
hypothesis.

It has been shown that iron can induce the misfold-
ing and aggregation of ASN protein to form the
main component of the intracytoplasmic Lewy
bodies, an abnormal protein cluster found in the
brains of Parkinson’s patients [22-25]. Interestingly
an IRE-like stem-loop structure has recently been
found in the 5’UTR of ASN mRNA [26]. Studies
have shown that when intracellular free iron con-
tent is low, IRP1 binds to the IRE in the 5’UTR of
mRNA and inhibits its translation. Conversely, in-
creased intracellular free iron concentration

generative diseases, ASN expression,

and iron dysregulation, they may pro-
vide insight into the mechanism(s) potentially re-
sponsible for the significantly higher incidence of
Parkinson’s disease in men than in women [2].
Further study using pharmacological intervention
and/or transgenic animals will no doubt shed light
on the definitive mechanism.

In summary, this stcudy demonstrates sex- and age-
dependent differences in the expression of iron-re-
lated molecules (HO1, FT'H, and IRP1) in the hip-
pocampus of F344BN rats. These differences are
linked to differences in the expression of ASN, a
critical protein related to the development of neu-
rodegenerative diseases. These data provide the mo-
lecular basis for further study to address the effects
of sex, iron accumulation, and advanced age on the
pathological development of neurodegenerative
diseases.

Acknowledgements
This work was supported by National Science Foundation

Grant EPS-0554328



Sex and Age Affect Iron Regulating Molecules in Rat Hippocampus

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zecca L, Youdim MB, Riederer P, Connor JR, Crichton RR.
Iron, brain ageing and neurodegenerative disorders. Nat Rev
Neurosci 2004; 5: 863-873.

Wooten GF, Currie L], Bovbjerg VE, Lee JK, Patrie ]. Are men
at greater risk for Parkinson’s disease than women? ] Neurol
Neurosurg Psychiatry 2004; 75: 637-639.

Sadrzadeh SM, Saffari Y. Iron and brain disorders. Am | Clin
Pathol 2004; 121 Suppl: S64-70.

Mariani E, Polidori MC, Cherubini A, Mecocci P. Oxidative
stress in brain aging, neurodegenerative and vascular diseases:
an overview. ] Chromatogr B Analyt Technol Biomed Life Sci
2005; 827: 65-75.

Wu M, Katta A, Gadde MK, Liu H, Kakarla SK, Fannin ],
Paturi S, Arvapalli RK, Rice KM, Wang Y, Blough ER. Aging-
associated dysfunction of Akt/protein kinase B: S-nitrosylation
and acetaminophen intervention. PLoS One 2009; 4: €6430.
Wu M, Wang B, Fei ], Santanam N, Blough ER. Important
roles of Akt/PKB signaling in the aging process. Front Biosci
(Schol Ed) 2010; 2: 1169-1188.

Wu M, Fannin J, Rice KM, Wang B, Blough ER. Effect of ag-
ing on cellular mechanotransduction. Ageing Res Rev 2011;
10: 1-15.

Brar S, Henderson D, Schenck J, Zimmerman EA. Iron accu-
mulation in the substantia nigra of patients with Alzheimer
disease and parkinsonism. Arch Neurol 2009; 66: 371-374.
Alramura S, Muckenthaler MU. Iron toxicity in diseases of ag-
ing: Alzheimer’s disease, Parkinson’s disease and atherosclero-
sis. ] Alzheimers Dis 2009; 16: 879-895.

Arvapalli RK, Paturi S, Laurino JP, Katta A, Kakarla SK,
Gadde MK, Wu M, Rice KM, Walker EM, Wehner P, Blough
ER. Deferasirox decreases age-associated iron accumulation in
the aging F344XBN rat heart and liver. Cardiovasc Toxicol
2010; 10: 108-116.

Uchino E, Tsuzuki T, Inoue K. The effects of age and sex on
seven elements of Sprague-Dawley rat organs. Lab Anim 1990;
24:253-264.

Kikuchi G, Yoshida T, Noguchi M. Heme oxygenase and heme
degradation. Biochem Biophys Res Commun 2005; 338:
558-567.

Tyrrell R. Redox regulation and oxidant activation of heme
oxygenase-1. Free Radic Res 1999; 31: 335-340.

Motterlini R, Foresti R, Bassi R, Calabrese V, Clark JE, Green
CJ. Endothelial heme oxygenase-1 induction by hypoxia.
Modulation by inducible nitric-oxide synthase and
S-nitrosothiols. ] Biol Chem 2000; 275: 13613-13620.
Premkumar DR, Smith MA, Richey PL, Petersen RB,
Castellani R, Kutty RK, Wiggert B, Perry G, Kalaria RN.
Induction of heme oxygenase-1 mRNA and protein in neocor-
tex and cerebral vessels in Alzheimer’s disease. ] Neurochem
1995; 65: 1399-1402.

Takeda A, Perry G, Abraham NG, Dwyer BE, Kutty RK,
Laitinen ] T, Petersen RB, Smith MA. Overexpression of heme
oxygenase in neuronal cells, the possible interaction with Tau.
] Biol Chem 2000; 275: 5395-5399.

Schipper HM, Liberman A, Stopa EG. Neural heme oxygen-
ase-1 expression in idiopathic Parkinson’s disease. Exp Neurol
1998; 150: 60-68.

Theil EC. Ferritin: at the crossroads of iron and oxygen me-
tabolism. ] Nutr 2003; 133: 1549S5-15538.

Thomson AM, Rogers JT, Leedman PJ. Iron-regulatory pro-
teins, iron-responsive elements and ferritin mRNA translation.
Int ] Biochem Cell Biol 1999; 31: 1139-1152.

Kikinis Z, Eisenstein RS, Bettany AJ, Munro HN. Role of
RNA secondary structure of the iron-responsive element in
translational regulation of ferritin synthesis. Nucleic Acids Res
1995; 23: 4190-4195.

Nishioka K, Hattori N. [Relationship between alpha-synuclein
and Parkinson’s disease]. Brain Nerve 2007; 59: 825-830.
Chiba-Falek O, Lopez GJ, Nussbaum RL. Levels of alpha-
synuclein mRNA in sporadic Parkinson disease patients. Mov
Disord 2006; 21: 1703-1708.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

151

Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes
R, Goedert M. Alpha-synuclein in Lewy bodies. Nature 1997;
388: 839-840.

Lee PH, Lee G, Park HJ, Bang OY, Joo IS, Huh K. The plasma
alpha-synuclein levels in patients with Parkinson’s disease and
multiple system atrophy. ] Neural Transm 2006; 113:
1435-1439.

Uversky VN. Alpha-synuclein misfolding and neurodegenera-
tive diseases. Curr Protein Pept Sci 2008; 9: 507-540.
Friedlich AL, Tanzi RE, Rogers JT. The 5™-untranslated region
of Parkinson’s disease alpha-synuclein messengerRNA contains
a predicted iron responsive element. Mol Psychiatry 2007; 12:
222-223.

Olivares D, Huang X, Branden L, Greig NH, Rogers JT.
Physiological and Pathological Role of Alpha-synuclein in
Parkinson’s Disease Through Iron Mediated Oxidative Stress;
The Role of a Putative Iron-responsive Element. Int ] Mol Sci
2009; 10: 1226-1260.

Bohnen NI, Gedela S, Herath P, Constantine GM, Moore RY.
Selective hyposmia in Parkinson disease: association with hip-
pocampal dopamine activity. Neurosci Lett 2008; 447: 12-16.
Kelly KM, Nadon NL, Morrison JH, Thibault O, Barnes CA,
Blalock EM. The neurobiology of aging. Epilepsy Res 2006; 68
Suppl 1: §5-20.

Palkovits M, Brownstein M]. Maps and guide to microdissec-
tion of the rat brain. New York: Elsevier; 1988.

Wu M, Hall JB, Akers RM, Jiang H. Effect of feeding level on
serum IGF1 response to GH injection. ] Endocrinol 2010; 206:
37-45.

Feng ], Gu Z, Wu M, Gwazdauskas FC, Jiang H. Growth hor-
mone stimulation of serum insulin concentration in cattle: nu-
tritional dependency and potential mechanisms. Domest Anim
Endocrinol 2009; 37: 84-92.

Wu M, Liu H, Fannin J, Katta A, Wang Y, Arvapalli RK,
Paturi S, Karkala SK, Rice KM, Blough ER. Acetaminophen
improves protein translational signaling in aged skeletal mus-
cle. Rejuvenation Res 2010; 13: 571-579.

Ciesielska A, Joniec I, Kurkowska-Jastrzebska I, Przybylkowski
A, Gromadzka G, Czlonkowska A, Czlonkowski A. Influence
of age and gender on cytokine expression in a murine model of
Parkinson’s disease. Neuroimmunomodulation 2007; 14:
255-265.

Bartzokis G, Lu PH, Tishler TA, Peters DG, Kosenko A,
Barrall KA, Finn JP, Villablanca P, Laub G, Altshuler LL,
Geschwind DH, Mintz ], Neely E, Connor JR. Prevalent iron
metabolism gene variants associated with increased brain fer-
ritin iron in healthy older men. ] Alzheimers Dis 2010; 20:
333-341.

Bartzokis G, Tishler TA, Lu PH, Villablanca P, Altshuler LL,
Carter M, Huang D, Edwards N, Mintz ]. Brain ferritin iron
may influence age- and gender-related risks of neurodegenera-
tion. Neurobiol Aging 2007; 28: 414-423.

Hirose W, Ikematsu K, Tsuda R. Age-associated increases in
heme oxygenase-1 and ferritin immunoreactivity in the autop-
sied brain. Leg Med (Tokyo) 2003; 5 Suppl 1: $360-366.
Guevara R, Santandreu FM, Valle A, Gianotti M, Oliver J,
Roca P. Sex-dependent differences in aged rat brain mitochon-
drial function and oxidative stress. Free Radic Biol Med 2009;
46: 169-175.

Wagner KR, Sharp FR, Ardizzone TD, Lu A, Clark JF. Heme
and iron metabolism: role in cerebral hemorrhage. ] Cereb
Blood Flow Metab 2003; 23: 629-652.

Schipper HM. Heme oxygenase-1: role in brain aging and neu-
rodegeneration. Exp Geronrol 2000; 35: 821-830.

Arosio D, Ingrassia R, Cavadini P. Ferritins: a family of mole-
cules for iron storage, antioxidation and more. Biochim
Biophys Acta 2009; 1790: 589-599.

Li W, Jiang H, Song N, Xie ]. Oxidative Stress Partially
Contributes to Iron-Induced Alpha-Synuclein Aggregation in
SK-N-SH Cells. Neurotox Res 2011; 19: 435-442.



	Marshall University
	Marshall Digital Scholar
	4-1-2012

	Regulation of Iron-Related Molecules In the Rat Hippocampus: Sex- and Age-Associated Differences
	Srinivasarao Thulluri
	Miaozong Wu
	Eric R. Blough
	Nandini D.P.K. Manne
	Ashley B. Litchfield
	See next page for additional authors
	Recommended Citation
	Authors



