Minocycline Attenuates Iron-Induced Brain Injury

Fan Zhao, Guohua Xi, Wengaun Liu, Richard F. Keep, and Ya Hua

Introduction

Intracerebral hemorrhage (ICH) accounts for 10—15 % of all
strokes, but it results in a disproportionately high morbidity
and mortality [9, 10]. Experiments have indicated that clot
lysis and iron play an important role in ICH-induced brain
injury. Iron overload occurs in the brain after ICH in rats.
Iron chelators like deferoxamine can reduce brain edema and
improve neurological function in experimental models of
ICH [4, 8, 19, 20].

A number of proteins, including ferritin, transferrin (Tf),
transferrin receptor (TfR), ceruloplasmin (Cp), and heme
oxygenase 1 (HO-1), are involved in maintaining brain iron
homeostasis. Ferritin, a cytosolic heterodimeric protein that
assembles as a 24-subunit sphere, has a dual function of iron
detoxification and iron reserve [11]. Tf and TfR are involved
in the transport of iron across biological membranes. Tf is
the main source of iron for neurons, which express high lev-
els of TfR. Cp is a ferroxidase necessary for the oxidation of
Fe?* to Fe** and subsequent binding of iron to transferrin.
HO-1 is involved in the degradation of heme, which results
in the production of iron (as well as biliverdin and carbon
monoxide).

Minocycline, a second generation of tetracycline-based
molecule, is a potent inhibitor of microglia activation [16]. It
has been shown to be beneficial in several stroke models [2],
presumably due to its anti-inflammatory effect. However,
minocycline also has strong iron-chelating activity [3] and a
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previous study demonstrated it can attenuate iron neurotox-
icity in cortical cell cultures, whereas two other inhibitors of
microglial activation, doxycycline and macrophage/microg-
lia inhibitory factor (MIF), were ineffective [1]. Our previ-
ous study found minocycline attenuates iron-induced brain
injury, in vivo at least in part due to chelation of iron [23].
The current study further examined the effects of minocy-
cline on the subacute brain injury induced by iron.

Materials and Methods

Animal Preparation and Intracerebral
Injection

The protocols for these animal studies were approved by
the University of Michigan Committee on the Use and Care
of Animals. Male Sprague-Dawley rats from Charles River
Laboratories (weight 275-300 g) were used in this study.
Septic precautions were utilized in all surgical procedures
and body temperature was maintained at 37.5 °C using a
feedback-controlled heating pad. Rats were anesthetized
with pentobarbital (50 mg/kg, intraperitoneally (IP)) and
the right femoral artery was catheterized for continuous
blood pressure monitoring and blood sampling. Blood from
the catheter was used to determine pH, PaO,, PaCO,, hema-
tocrit, and glucose. The animals were positioned in a ste-
reotactic frame (Kopf Instruments). Minocycline was
purchased from Sigma (St. Louis, MO, USA). Fifty micro-
liters of saline, FeCl, (0.5 mM), or FeCl, mixed with mino-
cycline (0.5 mM) was injected into the right caudate
through a 26-gauge needle at a rate of 10 pl per minute
using a microinfusion pump (Harvard Apparatus Inc.). The
coordinates were (.2 mm anterior to the bregma and 5.5 mm
ventral and 4.0 mm lateral to midline. After intracerebral
infusion, the needle was removed and the skin incision
closed with suture.
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Experiment Groups

Rats had an intracaudate injection of 50 pl of saline, FeCl,
(0.5 mM), or FeCl, (0.5 mM)+minocycline (0.5 mM) and
were euthanized at 72 h. Rat brains were used for immuno-
histochemistry (n=5-6 per group) and Western blotting
assay (n=4 for each group).

Brain Swelling Measurements

Rats were anesthetized and underwent intracardiac perfusion
with 4 % paraformaldehyde in 0.1 mol/l (pH 7.4) phosphate-
buffered saline (PBS). The brains were removed and kept in
4 % paraformaldehyde for 12 h, then immersed in 30 %
sucrose for 3—4 days at 4 °C. Brains were then placed in
embedding OCT compound and sectioned on a cryostat (18-
pm thick). Coronal sections at the blood injection site were
stained with hematoxylin and eosin (H&E) and then were
scanned. The bilateral caudate were outlined for area mea-
surement using Image J (National Institutes of Health). All
measurements were repeated three times and the mean value
was used. Brain swelling was determined as (ipsilateral area/
contralateral area) x 100 %.

Immunohistochemistry

Immunohistochemistry was performed as previously
described [5, 7]. Primary antibodies were polyclonal rabbit
anti-human ferritin IgG (DACO; 1:400 dilution). Normal
rabbit IgG was used as negative control.

Western Blot Analysis

Western blot analysis was performed as previously described
[7]. The primary antibodies were polyclonal goat anti-mouse
albumin antibody (1:10,000 dilution; Bethyl Laboratories
Inc. Montgomery, TX), rabbit polyclonal HO-1 antibody
(1:2000 dilution; Assay Designs/Stressgen, Farmingdale,
NY), polyclonal rabbit anti-human Tf (1:2000 dilution;
Dako, Carpinteria, CA), monoclonal mouse anti-human TfR
(1:2000 dilution; Invitrogen, Grand Island, NY), and sheep
anti-ceruloplasmin antibody (1:2000 dilution; Abcam,
Cambridge, MA). The antigen-antibody complexes were
observed with the ECL system and exposed to Kodak
X-OMAT film. The membranes were then stripped and rep-
robed with antibody against p-actin. The relative densities of
bands were analyzed with NIH Image J [24].

Statistical Analysis

All the data in this study are presented as mean+SD. Data
were analyzed by one-way analysis of variance (ANOVA). A
level of p<0.05 was considered statistically significant.

Results

Brain swelling (ipsilateral caudate area as a percentage of
contralateral area) was determined on H&E-stained coronal
sections at 72 h after injection. FeCl, resulted in swelling of
the ipsilateral caudate. Minocycline co-injection significantly
reduced that swelling (104.2 %+3.1 % vs 112.7 %+5.3 % in
FeCl, group, n=5, p<0.01, Fig. 1a)

Brain albumin, a marker of BBB disruption, was mea-
sured by Western blot analysis. Albumin levels in the ipsilat-
eral basal ganglia were markedly increased after FeCl,
injection (Fig. 1b). This increase was greatly reduced by co-
injection of minocycline (1946+ 1122 vs 6973+ 1481 pixels
in FeCl, alone group, n=4, p<0.01, Fig. 1b).

The protein level of heme oxygense-1 (HO-1) in the
ipsilateral basal ganglia was significantly increased by
FeCl, injection. The HO-1 levels in FeCl,+minocycline
group (2489+2022 pixels) were significantly lower than
that in the FeCl, group (7668 + 1467 pixels, n=4, p<0.05,
Fig. 2a). Also, the immunoreactivity for ferritin (an iron
storage protein) was upregulated after FeCl, injection.
Ferritin-positive cells were fewer in minocycline-treated
animals (510+41 vs 905+107 cells/mm? in FeCl, group,
n=5, p<0.01, Fig. 2b).

Ceruloplasmin (CP) is involved in iron metabolism by
oxidizing ferrous iron to ferric iron. Brain CP levels in the
ipsilateral basal ganglia were significantly increased by
FeCl, injection. This upregulation was blocked by co-
injection of minocycline (2184675 vs 6629+1123 pixels
in FeCl, group, n=4, p<0.01, Fig. 3a). Tf, through binding
to its receptor (TfR), is involved in the transport of iron into
cells. Compared with saline control, both Tf and TfR protein
levels were significantly higher in the ipsilateral basal gan-
glia after FeCl, injection. The co-injection of minocycline
reduced that upregulation (Tf: 5574 £589 vs 7742 + 1428 pix-
els in FeCl, group, p<0.05, Fig. 3b; TfR: 3851861 vs
6702 +312 pixels in FeCl, group, p<0.01, Fig. 3c)

Discussion

Brain iron overload occurs after ICH and can have detrimen-
tal effects [4, 5]. Intracerebral infusion of iron causes brain
edema, whereas deferoxamine, an iron chelator, attenuates
ICH-induced brain injury in animals, which suggests that
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Fig. 1 (a) Coronal gross hematoxylin and eosin stained sections and
the bar graph demonstrating ipsilateral caudate size expressed as a per-
centage of the contralateral side 72 h after injection of saline, FeCl,, or
FeCl,+minocycline (MC; 0.5 mM). Values are expressed as
means+SD; n=5, #p< 0.01, compared with FeCl, group. (b) The albu-
min levels in the ipsilateral basal ganglia 72 h after injection of saline,
FeCl,, or FeCl,+MC (0.5 mM). Equal amounts 25 pg of protein were
loaded. Values are means+SD; n=4, #p< 0.01, compared with FeCl,
group

iron may contribute to brain injury after ICH [4, 6, 19]. The
current study indicates that minocycline can reduce iron-
induced brain injury (brain swelling, BBB disruption) and
alter the expression of iron-handling proteins.

Minocycline, a tetracycline derivative, is a potent inhibi-
tor of microglia activation [15, 16]. In vivo, minocycline
reduced perihematomal brain edema, neurological deficits,
and brain atrophy [18]. To date, the primary CNS mecha-
nism implicated in minocycline neuroprotection is via a
highly potent inhibitory effect on microglial activation [12,

HO-1 -—  ——— - — -—

B-actin T — — . — — — — — . . ot

} Saline : Fe-Il :
10,000 ~

Fe-ll+MC |

8000 |

6000 |

4000 +

HO-1 (pixels)

2000 +

Saline

N

Saline —— Fe-l —|—Fe ||Jr|v|c -|

1200

900

600

300

Ferritin positive cells/mm?

Saline Fe-ll Fe-ll+MC

Fig. 2 (a) Heme oxygenase-1 (HO-1) levels in the ipsilateral basal
ganglia 72 h after injection of saline, FeCl,, or FeCl,+ minocycline
(MC; 0.5 mM). Values are means +SD; n=4, *p < 0.05, compared with
FeCl,. (b) Ferritin immunoreactivity in the ipsilateral basal ganglia 72
h after injection of saline, FeCl,, or FeCl,+MC (0.5 mM). Values are
means+SD; n=6, #p< 0.01, compared with FeCl,. Scale bar=20 pm

21]. On the other hand, minocycline is a strong iron-chelator
[1, 3, 23]. Recent evidence in vitro has shown that minocy-
cline can attenuate iron neurotoxicity in cortical cell cultures.
Cortical cultures treated with 10 pM ferrous sulfate for 24 h
sustained loss of most neurons and an increase in malondial-
dehyde. Minocycline prevented this injury, with near-
complete protection at 30 pM. Two other inhibitors of
microglial activation, doxycycline and MIF, were ineffec-
tive. Oxidation of isolated culture membranes by iron was
also inhibited by minocycline [1, 3]. Minocycline can attenu-
ate this iron-induced brain edema, DNA damage, and
neuronal death, but MIF, a microglia inhibitor, had no effect
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Fig. 3 Protein levels of CP (a), Tf (b) and TfR (c) in the ipsilateral
basal ganglia 72 h after injection of saline, FeCl,, or FeCl,+ minocy-
cline (MC; 0.5 mM). Values are means+SD; n=4, #p<0.01, *p <0.05,
compared with FeCI2

[23]. In the current study, minocycline reduced iron-induced
brain swelling. This confirms the ability to reduce iron neu-
rotoxicity and indicates that the effects of minocycline on
ICH-induced brain injury may at least in part be related to
the effects of this drug on iron overload [23].

Multiple forms of edema are present after ICH, but the
main form is vasogenic. In the present study, we found that
BBB disruption occurred after intracerebral injection of fer-
rous iron and that minocycline greatly reduced that disrup-
tion. Preservation of BBB function by minocycline is,

therefore, likely a major contributor to the reduced iron-
induced brain swelling found with this drug.

Further evidence for the impact of minocycline on brain
iron comes from the effects on iron handling proteins. A
number of those proteins (ferritin, Tf, TfR, and CP) were
markedly increased 72 h after FeCl, injection. That upregu-
lation was significantly reduced by coinjection of minocy-
cline. The iron chelation effect of minocycline may reduce
the induction of these proteins.

Ferritin, a naturally occurring iron chelator, is involved
in maintaining brain iron homeostasis. Ferritin consists of a
heavy (FTH) subunit that catalyzes the rapid oxidation of
ferrous to ferric iron and a light (FTL) subunit that may be
involved in the nucleation of the iron core within the pro-
tein shell. Thus, ferritin has a dual function of iron detoxi-
fication and iron reserve [17], and the brain can produce
ferritin. Tf and TfR are involved in the transport of iron
across biological membranes. Brain endothelial cells
express TfR and it is involved in transporting iron from
blood to brain. However, one report indicates that there is
rapid efflux of Tf from brain to blood across the BBB [22],
suggesting that Tf and TfR could contribute to iron clear-
ance when there is brain iron overload. Cp is the major cop-
per transport protein in plasma and catalyzes the conversion
of toxic ferrous iron to the safer ferric iron. Elevated brain
Cp levels have been observed in patients with neurodegen-
erative conditions, including Alzheimer’s, Parkinson’s, and
Huntington’s diseases [14]. The upregulation of these iron
handling proteins in brain in the setting of iron overload
(FeCl, injection or ICH) may have important protective
functions. By chelating iron, minocycline may fulfill some
of the same functions (iron detoxification), but its effect on
other functions (iron distribution/clearance) need to be
investigated.

Heme oxygenases (HO) are key enzymes for the degrada-
tion of heme. HO-1, also called heat shock protein 32, is
induced by a variety of stimuli. The biological significance
of HO-1 upregulation is still uncertain. HO-1 upregulation
increases free redox active iron production. Our results dem-
onstrated that ferrous upregulated HO-1 protein levels in the
brain and co-injection with minocycline reduced the upregu-
lation of HO-1. HO-1 upregulation and reactive iron accu-
mulation are associated with oxidative stress [13], which can
be attenuated by minocycline.

In summary, systemic minocycline can alleviate iron-
induced subacute brain injury. It also has a marked effect on
the expression of iron-handling proteins in the brain.
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