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Abstract
Hemorrhage is often a major component of traumatic brain injury (TBI). Red blood cells (RBCs)
accumulated at the hemorrhagic site undergo hemolysis upon energy depletion. Hemolysis of RBCs is
expected to release free iron into the central nervous system (CNS) that must be managed to prevent iron
neurotoxicity. Here, we examine the hypothesis that chronic alcohol consumption, as a secondary
stressor, may increase iron toxicity in an animal model of TBI by altering the iron management pathways.
To our best knowledge, this innovative idea with signi�cant scienti�c premises has not been examined to
date. We found huge accumulation of free irons at the site of hemorrhage with evidence of hemolytic
activity. Our observation showed that alcohol use altered the three distinct iron management pathways of
transferrin/hemosiderin binding, lipocalin 2/heme oxygenase 1/ferritin system, and microglial
phagocytosis. Presence of alcohol prolonged the expression of lipocalin 2 at the site of hemorrhage
compared with injury alone, while the combined effects of alcohol and TBI elevated the levels of heme
oxygenase 1 earlier than TBI alone. Hippocampus, neocortex, and around vessels near the site of impact
appeared to be the prominent brain regions of induction. The presence of alcohol notably increased the
levels of ferritin that sustained for up to 7 days. We also provide evidence that microglia also play a role
in iron management through RBC phagocytosis. These results reveal the intricacy and plasticity of iron
management and highlight the importance of proper iron regulation in the CNS.

Highlights
Chronic alcohol exposure increases hemorrhage and RBC accumulation following FPI.

Alcohol alters iron regulatory patterns by shifting LCN2, HO-1, and F-LC expressions.

Activated microglia can regulate iron accumulation by phagocytosing RBCs.

1. Introduction
Traumatic brain injury (TBI) is a form of injury to the brain caused by an external force and can lead to
brain dysfunction. Various animal models of TBI such as blast, weight-drop, and �uid percussion have
observed in�ammation, edema, oxidative stress, and blood-brain barrier breach after the insult
corresponding to behavioral de�cits [1–4]. One of the major pathological even of TBI is intracranial
bleeding and subsequent cerebral hemorrhage such as epidural/subdural, subarachnoid, intraventricular,
and hematoma [5, 6]. These intracranial hemorrhages are constantly being detected in TBI patients by
fast magnetic resonance imaging and computerized tomography scanning [7]. Interestingly, these
hemorrhages are observed in conjunction with anemia and coagulopathy, therefore current treatment
practices include anticoagulant or red blood cell (RBC) transfusion [8, 9]. However, these therapies do not
improve neurological function, in fact, RBC transfusions have been shown to signi�cantly exacerbate
trauma complications [10]. Since RBCs contain much of the iron found in the body, a possible reason for
unresolved, persistent cognitive functional de�cits may be neurotoxicity caused by iron overload [11]. We
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have observed massive RBC aggregations at the site of hemorrhage in our rat model of blunt TBI [12].
This TBI model uses lateral �uid percussion injury (FPI) delivered at a moderate pressure to reproduce TBI
without skull fracturing to generate hemorrhage, subdural hematoma, and edema. FPI causes the rupture
of blood vessels through various transient mechanical forces caused by the impact [13]. Even though
there are various TBI models, FPI reproducibly recapitulates the pathophysiological signatures of human
TBI and thus, can be used to examine the fate of RBC clearance and associated iron release at post-TBI
[13].

Accumulated RBCs begin to undergo lysis upon energy depletion (lack of mitochondria) following blood
vessel rupture and removal from the circulation at post-TBI [14]. Hemolysis of RBCs releases iron, carbon
monoxide, and biliverdin into the central nervous system (CNS) [15]. Destruction of RBCs involves
hemolysis and release of RBC constituents, including hemoglobin, heme, and iron, into the extracellular
space. Immediately following injury, this released iron is in a free, ferrous (Fe2+) form and can be stained
using Turnbull’s blue method [16]. Over time, this iron is oxidized to the insoluble ferric (Fe3+) species and
can be stained using Prussian blue.

The hemolytic product iron is managed with several different proteins to prevent possible iron toxicity
that may develop from iron accumulation. Chief iron regulators include heme oxygenase-1 (HO-1, iron
release), lipocalin 2 (LCN2, intracellular iron transport), ferritin light chain (F-LC, iron storage), transferrin
(extracellular iron transport), and hemosiderin (iron storage and sequestration) [17, 18]. Heme released
from RBCs can trigger the synthesis of HO-1. HO-1 degrades heme by opening its porphyrin ring to release
free iron [19]. As the �rst responding iron managing protein, LCN2 organizes existing iron for chelation, by
binding to siderophores, or transport to ensure incoming iron does not accumulate in the cytoplasm.
Important to the innate immune response, Currently, LCN2 levels are being used to diagnose several
in�ammatory diseases [20]. Ferritin, as the primary iron-storage protein of the cell, is paramount to the
success of iron management. In fact, ferritin levels are used as a measure to infer iron concentrations in
the body [21]. Individuals with hemochromatosis, an inherited mutation in the genes that causes
increased iron absorption, show high levels of ferritin while those with anemia, a reduction in RBCs, show
low levels and indicate an iron de�ciency. Ferritin can partially degrade and combine with lysosomes to
create hemosiderin complexes. Together, these proteins combine to form two distinct pathways for iron
management, the LCN2/HO-1/F-LC system for intracellular iron and transferrin/hemosiderin binding for
extracellular iron. These pathways have been studied following TBI alone, but, to our knowledge, there
has been no research on iron management in combined TBI with a secondary stressor such as prior
chronic alcohol consumption.

Alcohol use has been shown to prolong neuroin�ammation and neurodegeneration at post-TBI by
impairing neurological recovery and exacerbating localized neuroin�ammation [22, 23]. In addition, as an
antiplatelet and anticoagulant, alcohol can thin blood and lead to more profuse bleeding [24]. Chronic
alcohol consumption lengthens bleeding times of injured soft tissue by reducing platelet aggregation.
Ethanol may interact with platelet cyclooxygenase-1 to inhibit its function and prevent subsequent
development of pro-aggregatory proteins. Other hemodynamic changes in blood pressure and vessel



Page 4/27

integrity can also contribute to increased bleeding with alcohol. This augmented hemorrhage will result in
greater and even faster accumulations of RBCs in the CNS. Together, this suggests that prior alcohol use
may increase iron accumulation as well as dysregulate its normal management following TBI. Many
studies have already shown that traumatic brain injury activates microglia [25]. Microglia become
activated after transitioning through a series of activation states [26]. During this time, microglia undergo
changes in both morphology and function. As a result, activated microglia may also play a role in iron
management. In this study we examined the time dependent manner of iron regulation by LCN2, HO-1, F-
LC, and hemosiderin under combined chronic alcohol exposure and FPI. We also examined whether
microglia may be involved in clearing away dying RBCs.

2. Methods And Materials
2.1 Reagents

The OCT compound was purchased from Fisher Healthcare (#4585). Prussian blue soluble was
purchased from Santa Cruz (sc-215757), eosin 5% from Sigma (#R03040-74), and hematoxylin solution
from Merck (#HX69851575). Primary antibodies were purchased from Santa Cruz, Thermo Fisher,
proteintech, and Abcam (Table 1). Secondary antibodies were purchased from Thermo Fisher (#32230
and # 32260) for western blots and Abcam (ab64255 and ab97049) for immunohistochemistry. The
streptavidin protein was purchased from Abcam (ab7403), Pierce DAB substrate kit from Thermo Fisher
(#34002), and Cytoseal XYL from Thermo Scienti�c (#8312-4). The bicinchoninic acid kit for protein
determination was purchased from Thermo Fisher (#23227) and the 4–20% precast protein gel
(4561094) and trans-blot PVDF transfer kit (#1704272) were purchased from Bio-Rad. The
chemiluminescent substrate was purchased from Advansta (#K-12045-D50).

2.2 Animals

Sprague-Dawley rats were purchased from Charles River Laboratory (Wilmington, MA), they were
approximately 8 weeks old and weighed about 240-270 grams at the beginning of the experiment. Rats
were kept in reversed 12 hrs. light/dark cycle and housed in controlled temperature and humidity
conditions. All experiments were conducted in accordance with the National Institutes of Health
institutional ethical guidelines for care of laboratory animals and approved by the Institutional Animal
Care Use Committee of Rutgers University (Newark, NJ).

2.3 Alcohol Feeding

Ethanol liquid-diet pair-feeding was employed according to our previously described procedure [27–29].
Brie�y, equal pairs of weight-match rats were acclimated to Lieber-DeCarli control or 29% calorie (5% v/v)
ethanol liquid-diets (Dyets Inc., Bethlehem, PA) for 1 week followed by pair feeding regimens for 12-14
weeks. Feeding of the control group was based on the amount of ethanol-liquid diet consumed by
ethanol group. The control-liquid diet was composed of 47% carbohydrate, 35% fat, and 18% protein
while the ethanol-liquid diet was composed of 19% carbohydrate, 35% fat, 18% protein, and 29% ethanol



Page 5/27

as percent of total caloric intake. Daily food intake was monitored, and weekly body weights were
recorded. By the end of the experiment, the average body weight was 410-420 grams for the control group
and 460-490 grams for the ethanol group. Prior to sacri�ce, the blood alcohol concentration of all the rats
on the ethanol-liquid diet was measured, and it was found to be 9.1-28.8 mM with an average of 15.6 mM
which is consistent with our previous �ndings.

2.4 Fluid Percussion Injury

After alcohol feeding, traumatic brain injury was performed using a �uid percussion injury (FPI) model
(Amscien Instruments, Richmond, VA) according to our previously described procedure [12, 30, 31]. Brie�y,
rats were anesthetized with ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight)
through intraperitoneal injection and positioned on a stereotaxis frame. Craniotomy was performed by
drilling a 3.0 mm size hole on the left parietal skull (2.5 mm lateral of the sagittal suture, 3.0 mm caudal
of the coronal suture) leaving the dura intact. A Luer Lock hub was glued to the skull over the exposed
dura with cyanoacrylate glue and secured with methyl-methacrylate resin (Henry Schein, Melville, NY).
The next day, animals were anesthetized by iso�urane and received lateral FPI. Brie�y, the Luer Lock hub
of the animal was �lled with �uid and �tted into the nozzle of the FPI device. Injury was induced by a
pendulum weight striking the piston of a �uid �lled cylinder and delivering a �uid pressure pulse to the
exposed dura. Severity of the injury was controlled by the position of the weight on the pendulum, all
animals received moderate injury or around 2.0 atm pressure [13]. After injury, the hub was removed, the
head was sutured, and the rat was returned to it cage. Control animals did not undergo surgery, sham
animals underwent surgery but did not receive an injury.

2.5 Tissue Processing

Animals were sacri�ced at time points between several hours to 7-days post-injury. Blood samples were
collected from the injury site or the carotid artery if no injury was administered and used in western blot
analysis. Brains were removed from the skull and thoroughly washed in PBS. Cryopreservation was
performed by subsequent overnight incubations in 4% paraformaldehyde, 10% sucrose, and 30% sucrose,
respectively. Brains were then snap-frozen in Tissue-Tek OCT compound (Thermo Fisher, Waltham, MA)
and stored at 80oC until slicing. Coronal sections (10-20 µm) were cut on a Leica CM3050 cryostat and
collected on Fisherbrand Superfrost Plus slides. Slides were air-dried overnight and then stored at -80oC
until staining.

2.6 Prussian Blue

This reaction detects ferric iron (Fe3+) in tissue sections. Treatment with acidic solutions of ferrocyanides
causes any ferric ions (+3) in the tissue to combine with ferrocyanide and form blue pigments of ferric
ferrocyanide. Sections were �xed in ice cold methanol for 10 mins., dried for 20 mins, and rehydrated in
PBS for 10 mins. Sections were incubated in a working solution of 5% potassium ferrocyanide with 5%
hydrochloric acid for 30 mins. after which they were thoroughly washed in distilled water before being



Page 6/27

counterstained with eosin for 1 min. The working solution was prepared fresh every time and discarded
after use. Results show iron (hemosiderin) as blue, red blood cells as bright pink, and tissue as light pink.

2.7 Turnbull’s Blue

This reaction detects ferrous iron (Fe2+) in tissue. The crystalline structures of Prussian blue and
Turnbull’s blue compounds are identical but the method by which they are formed is different. Treatment
with an acidic solution of potassium ferricyanide causes any ferrous ions (+2) in the tissue to react and
form blue pigments of ferrous ferricyanide [16]. Sections were �xed in ice cold methanol for 10 mins.,
dried for 20 mins, and rehydrated in PBS for 10 mins. Sections were incubated in a working solution of
0.4 mg potassium ferrocyanide with 40 mL 0.006 N hydrochloric acid for 1 hr. after which they were
thoroughly washed in 1% acetic acid before being counterstained with eosin for 1 min. The working
solution was prepared fresh every time and discarded after use. Results show ferrous iron as blue, red
blood cells as bright pink, and tissue as light pink.

2.8 Immunohistochemistry

Prussian and Turnbull’s blue were combined with immunohistochemistry in a modi�ed technique
previously described by Blomster et., al [32]. Following Prussian or Turnbull’s blue staining, sections were
incubated with 0.3% H2O2 for 10 mins. to quench any endogenous activity. After washing, slides were
permeabilized with buffer containing 1% bovine serum albumin and 0.4% Triton X-100 in phosphate
buffered saline (PBS) then incubated with 10% bovine serum albumin and 0.4% Triton X-100 in PBS to
block non-speci�c antibody binding. The sections were incubated overnight in a humidi�ed chamber at
4oC with diluted primary antibody: mouse anti-heme oxygenase 1 (1:50, Santa Cruz), rabbit anti-Iba1
(1:200, Abcam), rabbit anti-NGAL (1:500, Thermo Fisher), or rabbit anti-ferritin light chain (1:25,
proteintech) (Table 1). The following day, slides were thoroughly washed in PBS and incubated with the
appropriate secondary antibody, biotinylated goat anti-rabbit (1:500, Abcam) for 1 hr. or biotinylated goat
anti-mouse (ready-to-use, Abcam) for 20 mins. After washing, slides were incubated with streptavidin-
HRP (1:10,000, Abcam) for 30 mins. After a �nal washing, staining was developed with 3,3'-
diaminobenzidine tetrahydrochloride (DAB, Thermo Fisher) for 20 mins., immersed in distilled water to
stop the reaction, and counterstained with eosin for 1 min. Alternatively, slides were counterstained with
hematoxylin for 10 mins. and washed in running tap water for 10 mins. Sections were dehydrated
through 4, 2 min. changes of alcohol (95%, 95%, 100%, and 100%) and mounted with Cytoseal XYL
(Thermo Fisher) solution. Results show stained protein as brown, iron as blue, red blood cells as bright
pink, and tissue as light pink. Images were captured with a Leica DMi1 or Aperio Versa 200 microscope
and slide scanner.

2.9 Western Blot

Collected blood was centrifuged at 2,100 x g for 10 mins. to separate the plasma for analysis. Protein
concentration was estimated using the bicinchoninic acid (BCA) method (Thermo Fisher). 20 µg/lane of
protein was loaded into the wells of 4–20% precast polyacrylamide gels (Bio-Rad, Hercules, CA) for
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separation. Separated proteins were transferred onto PVDF membranes, blocked with 5% non-fat milk,
and incubated at 4oC overnight with the respective antibody (1:1,000 dilution) (Table 1). The following
day, slides were thoroughly washed in tris-buffered saline with 0.1% Tween 20 and incubated with the
appropriate secondary antibody, horse-radish peroxidase conjugated goat anti-mouse or horse-radish
peroxidase conjugated goat anti-rabbit for 1 hr. (both 1:10,000, Thermo Fisher). After a �nal washing,
immunoreactive bands were detected with WesternBright ECL chemiluminescent substrate (Advansta).
Data was quanti�ed as arbitrary intensity units with densitometry analysis using Image J software.

2.10 Statistical Analysis

Statistical analysis was performed to determine a signi�cant difference in the amount of protein
expression between sham and injury. Results were analyzed with independent samples t-tests using the
Rcmdr package of R software [33]. Shapiro-Wilk tests were used to validate that the data was normally
distributed and Levene’s test to check groups did not signi�cantly deviate from variance. Data are
presented as mean ± standard error from the mean (SEM). The threshold for statistical signi�cance was
p ≤ 0.05 (∗ p ≤ 0.05, ∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001).

3. Results
3.1 FPI indirectly causes iron accumulation in the CNS.

Prussian and Turnbull’s blue methods were sensitive enough to stain for iron produced by just one RBC
(Fig. 1). In addition, both Prussian and Turnbull’s blue were able to penetrate cells and stain for iron
present inside intact vessels (Fig. 3) as well as iron trapped by microglia (Fig. 7). Finally, these methods
did not interfere with other chromogens, such as the naturally occurring bilirubin (Fig. 1), however the
overlay of multiple stains did cause positive iron to appear different shades of dark blue. Large bleeding
in the ventricular systems showed presence of ferrous iron 0-days post-TBI but by 7-days all iron was
converted to the ferric form (Fig. 1). Understandably, large bleed sites accumulated large deposits of iron
while small sites contained considerably less iron. Therefore, the amount of excess iron aggregation
depends on the number of RBCs released in hemorrhagic site of TBI.

3.2 Ethanol exposure alters peak LCN2, HO-1, and F-LC expression TBI.

3.2.1 Moderate lateral �uid percussion injury.

transferrin (extracellular iron transport), and hemosiderin (iron storage and sequestration)

We found that the presence of intracellular iron transporter lipocalin 2 (LCN2) was most notable directly
at the site of impact, the expression of LCN2 was peaked at 24 hours post-TBI, and returned to Sham
levels after 3 days post-injury (Fig. 2). Interestingly, LCN2 was found in individual cells throughout the
tissue at 24 hours, most signi�cantly in cells surrounding both ruptured and intact vessels. This early
expression post-injury is attributable to LCN2 involvement in the innate immune response. The increase in
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the levels of heme oxygenase-1 (HO-1) was observed in the hippocampus and neocortex, prominently
around the site of impact. The increase in HO-1 level was peaked at day 3 post-injury and it was
signi�cantly reduced at day 7 post-injury, which was then found to be localized around the vessels (Fig.
3). 

The LCN2 and HO-1 are both stress-responsive proteins, as such both the protein levels were expected to
signi�cantly increase upon RBC degeneration at day 3 post-injury. Unlike LCN2, Western blot analysis
showed signi�cant increase in HO-1 levels (p<0.001) compared with sham controls (Fig. 7.D). This
discrepancy can be explained by LCN2 being primarily localized to the impact site and HO-1 being much
more dispersed, and our western blotting was performed on plasma samples leaked out LCN2 or HO-1
protein in the circulatory system. Unlike LCN2 and HO-1, the localization of the iron storage protein ferritin
light chain (F-LC) was more perilesional, found in the hypothalamic and basal forebrain regions of the
brain. The increase in clusters of F-LC ranging from <1 μm to 50 μm in size was observed time-
dependently (1-7 days) post-injury FPI around the RBCs and iron deposits in these areas (Fig. 4). This
increase in qualitative levels of F-CL (p<0.001) compared with sham controls was further validated by
quantitative Western blot analysis (Fig. 7.D). 

3.2.2 Chronic alcohol consumption and FPI.

In the CNS, one result of chronic alcohol consumption was increased presence of LCN2 (Fig. 2), HO-1 (Fig.
3), and F-LC (Fig. 4) when compared to the no alcohol control. As a physiological stressor, ethanol can
induce expression of these stress-responsive proteins. Expression was generally ubiquitous for all three
proteins, however, some areas along the edge of the neocortex, did show greater expression (Fig. 4). The
magnitude of expression was also similar for all three proteins. Background staining may be due to low
levels of LCN2, HO-1, and F-LC released by cells. We suspect that these iron regulatory proteins may be
actively secreted into the exterior of the cell in response to in�ammation caused by alcohol presence.
However, alcohol consumption dynamically changed the iron management in TBI. LCN2 expression
peaked at 24 hours in EtOH + FPI, same as that of FPI alone, but the presence of alcohol prolonged the
expression of LCN2 for more than 7-days without altering the location or magnitude of FPI-induced LCN2
(Fig. 2). The combined effects of EtOH + FPI was seen to induce HO-1 at 24 hours earlier than with FPI
alone (Fig. 3). In addition, cellular expression density and intensity appeared greater than that of LCN2.
Like FPI, EtOH + FPI-induced HO-1 presence was prominent at the hippocampus, neocortex, and around
vessels near the site of impact. The notable combined effects of EtOH + FPI was impacted in the
expression F-LC, wherein the increase levels of F-LC peaked at day 3 and sustained these levels up to 7-
days (Fig. 4). 

3.3 Activated microglia are also involved in iron management.

3.3.1 Activation

Sham injuries did not stimulate microglial activation and so microglia appeared resting with dynamic
branching of their processes. However, fully activated microglia in round ameboid shapes were observed
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as early as 1-day post-FPI. This morphology was sustained at 3-days but by 7-days post-FPI microglia
returned to their homeostatic state (Fig. 6). In addition, the number of monocyte lineage cells, marked by
CD68 expression, also signi�cantly increased compared to sham controls (p<0.001) in plasma (Fig. 7.D). 

Interestingly, we also observed a morphological gradient 3-days post-FPI (Fig. 7.C). At the site of blood
accumulation, the gathering microglia were in the active ameboid shape but, several micrometers away
from this site resident microglia appeared stress-primed with short, thick processes. In this intermediary
state, microglia are very reactive and can easily change to any other of the activation states. Microglia
furthest away from bleed sites remained in a homeostatic, surveillance-inclined state. Alcohol
consumption alone resulted in sustained presence of activated microglia in and around the ventricular
systems and inferior colliculus (Fig. 6). 

            In FPI following chronic alcohol exposure, microglia also appeared activated at 1-day, invading
cavities near the inferior colliculus. However, unlike in FPI or EtOH alone, there were greater numbers of
microglia present (Fig. 6). High microglial numbers were sustained 3-days post-EtOH + FPI, but by 7-days,
with considerably less RBC presence, there were fewer of these immune cells. However, microglia
sustained an activated form 1-, 3-, and 7-days under EtOH + FPI. Under alcohol alone, microglia remained
activated for all days, therefore, the addition of FPI only reinforces continuation in this form. Interestingly,
several of these microglia also appeared bigger in size. Further investigation revealed that microglia may
be phagocytosing moribund RBCs. 

3.3.2 Autophagy

            At 3-days post-FPI, sites with microglia and RBCs show these microglia ingesting individual, intact
RBCs (Fig. 7.A). In that same area, a neighboring microglia cell, that has earlier phagocytosed an RBC,
was found with free, ferrous iron inside its cell body. The lack of surrounding free iron suggests that this
cytoplasmic iron must come from the ingestion and breakdown of an RBC. However, microglia may also
be phagocytosing iron-containing complexes seeing as bound, ferric iron was also found in microglia,
otherwise, the iron released from ingested RBCs is quick sequestered as hemosiderin (Fig. 7.B). With FPI
following chronic alcohol consumption at 1-day, microglia appeared more reactive, ingesting more than
one RBC or iron-containing complex at a time, and increasing tremendously in size. Conversely, the
abundance of RBCs may simply force single microglia to ingest more. Phagocytosis was also observed
under EtOH alone at sites with some RBC presence (Fig. 6). Low CD68-positive staining con�rm that
these immune cells were not macrophage.

4. Discussion
4.1 Excess iron is regulated by three distinct pathways.

4.1.1 Hemosiderin and transferrin binding.
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Accumulation of red blood cells (RBCs) has been observe in �uid percussion injury (FPI)     [34]. These
RBCs come from blood vessels ruptured by the transient mechanical forces produced by the impact, in
which hemorrhage lasted for several days resulting in a substantial aggregation of RBCs especially in the
epidural, subarachnoid, and ventricular spaces [35]. Failure to clear these RBC aggregates may cause the
formation of an impacted blood mass and can result in an enduring mass effect. With time RBC
aggregates can penetrate neighboring tissue as we observed in our �ndings (Fig. 1). This may be due to
their low resistance and viscoelastic properties as previously noted [36]. Interestingly, the most
penetration of RBCs was observed at subarachnoid spaces as opposed to any other area. Since the
subarachnoid space facilitates �uid �ow into the brain, RBCs may be using this current to enter brain
tissue [37]. These RBCs homing in tissue cannot survive for long time, they eventually undergo hemolysis
to release free irons. We found that iron remains ferrous for only a few hours following injury as ferric iron
was observed as early as 1-day post-FPI (Fig. 4). This explanation is in agreement with the �ndings of
others [18]. Free iron, whether as a ferrous cation or an unbound ferric species, is readily absorbed by
cells and can be very toxic [38]. The unpaired electrons make free iron highly chemically reactive and,
through the Fenton-Haber-Weiss reaction, catalyze the formation of free radicals (Fig. 8). This may be a
reason for iron’s rapid transformation from ferrous to ferric, and �nally to the bound form by the body.

Although transferrin increased following injury (Fig. 7.D), generally, transferrin becomes saturated when
~70% is bound with iron [39]. Western blot analysis showed greater F-LC levels in plasma than transferrin
(Fig. 7.D). When this main iron binding protein in the blood is so far extended that it cannot bind any
more iron, excess catalytic iron must be stored by ferritin or transformed ferritin, i.e., hemosiderin, to
prevent iron toxicity. Signi�cant amounts of hemosiderin collections, ranging in size, were found at all
bleed sites (Fig. 7.B). These results reveal hemosiderin binding as a pathway in iron management
specially reserved for super�uous excesses of iron. Iron as hemosiderin is not readily available for release
thereby making this binding very stable. Like ferritin binding, iron release from hemosiderin may possibly
be achieved by lysosomes (Fig. 8). Extracellular hemosiderin complexes may also follow suit and be
degraded by strong digestive enzymes. More research is needed on the fate of iron following hemosiderin
binding and on understanding the circumstances and elements involved in its release; it is likely
lysosomes are involved.

4.1.2 Sequestration by iron regulatory proteins.

            Russell et. al. (2019) described a time-dependent induction of the iron regulatory proteins LCN2,
HO-1, and F-LC following an FPI-induced traumatic brain injury [18]. We have observed similar results in
rats that have undergone FPI alone but a time shift in expression pro�les following prior alcohol
consumption. In both FPI and EtOH + FPI situations we have observed a similar expression pattern for
LCN2 (Fig. 5). By immediately tra�cking and sequestering iron, LCN2 expression stimulates anticipation
for possible incoming or excess iron to prevent its congestion. This result demonstrates that LCN2
induction may not depend on the type of injury but rather by the in�ammation associated with the injury.
Therefore, if the injury causes any release of in�ammatory stimuli, LCN2 becomes expressed. This result
demonstrates that combined, alcohol and FPI injuries do not necessarily exacerbate the degree of
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in�ammation, but rather prolong its persistence. However, failure to resolve this in�ammation can lead to
a chronic in�ammatory state in the CNS and manifest debilitations in attention and cognition [40].
Therefore, by maintaining LCN2 expression, alcohol consumption may transform FPI-induced
in�ammatory properties. In this way, LCN2 may act as a master switch for the induction of subsequent
iron regulatory proteins. LCN2 may occupy a greater role in iron regulation than has been so far
suggested.

One important regulator of HO-1 expression is the nuclear transcription factor Nrf2 [41]. Nrf2 also controls
production of the antioxidant proteins that protect against the oxidative damage caused by an insult.
Therefore, HO-1 is directly related to the presence and extent of oxidative damage. We have previously
shown that in�ammation, from both FPI and the resulting hemorrhage, can trigger oxidative damage [12].
Since LCN2 expression is determined by in�ammation and HO-1 is mediated by oxidative stress, HO-1
induction is expected to occur after LCN2 under FPI (Fig. 5). However, alcohol presence causes HO-1 to
express concurrent with LCN2 (Fig. 5). EtOH + FPI must exacerbate oxidative damage enough to cause
this shift to earlier protein expression.

            Interestingly, F-LC was observed as clusters. F-LC clustering may be the result of a partial unfolding
of the protein shell in preparation for iron binding [42]. Unlike ferritin heavy chain (F-HC), F-LC has no
ferroxidase activity, instead it is involved in the transfer of electrons across its protein cage which allows
F-LC staining to mark unfolded shells [43]. Notably, we observed a delayed ferritin response following FPI,
peaking at 7-days (Fig. 5). These results demonstrate that ferritin is the �nal regulatory protein involved in
iron management, sequestering any remaining unbound iron for accessible storage. Even hemosiderin,
observed in 1-day post-FPI, precedes signi�cant ferritin expression (Fig. 4). Furthermore, this delay shows
ferritin to be induced primarily by iron release and secondarily by heme presence. Low ferritin levels under
EtOH alone suggest that ferritin is nominally induced by stress. However, EtOH + FPI caused early,
increased, and sustained ferritin expression. Due to the excess RBC accumulation following these
combined injuries, much of this ferritin may be being excreted and transformed to hemosiderin for more
stable storage. These increased ferritin levels also imply high iron concentrations in the CNS.

4.1.3 IRPs also function in the extracellular space.

            Interestingly, LCN2, HO-1, and F-LC were also expressed directly atop bleed sites, interacting with
RBCs (Fig. 4). This presence may be explained by the mechanical forces caused by the impact bursting
cells and releasing intracellular proteins into the extracellular space. As demonstrated, alcohol may also
help facilitate secretion of these proteins by increasing their basal levels. There is evidence of LCN2, HO-1,
and F-LC secretion in other organ systems. Hepatic cells have been shown to secrete ferritin, while HO-1
has been found in various extracellular, �uid �lled compartments and LCN2, as a mediator of
in�ammation, is routinely released by various cell types, most notably immune cells [44-46]. Extrapolating
these �ndings and relating then to the CNS space, HO-1 may be in the CSF while LCN2 gets secreted by
astrocytes and microglia, and ferritin released by neurons. Then protein targeting mechanisms may
explain their localization at sites of RBC aggregation. More research on the default expression levels and
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locations of LCN2, HO-1, and F-LC in the CNS as well as their intrinsic signaling sequences help explain
this phenomenon. 

LCN2/HO-1 colocalization can indicate that even HO-1 may not be constrained to expression following
FPI, instead it can be induced by the oxidative stress accompanying in�ammation [47]. Meanwhile,
LCN2/F-LC colocalization suggests LCN2 expression may recruit F-LC generation in preparation for iron
sequestration. The lack of microglial expression of these iron regulatory proteins suggests microglia may
not be involved in the lipocalin 2/heme oxygenase 1/ferritin system of iron management. Another
limitation of this study was con�ning it to 7-days. However, previous studies have shown that beyond 7-
days, LCN2, HO-1, and F-LC levels comparatively return, or being to return, to basal levels in most cells of
the CNS [18]. A notable exception are microglia which have shown elevated HO-1 expression as late as
30-days relative to controls under a moderate cortical impact [48]. In this effect, we argue that microglial
involvement may create a separate pathway for iron management, removed from that created by the iron
regulatory proteins of the remaining CNS cells.

4.1.4 Microglial phagocytosis.

            To our knowledge, this is the �rst demonstration of RBC phagocytosis by microglia and
subsequent cytosolic iron deposition following injury. Previous studies revealing iron presence in
microglia have only considered this accumulation as iron retention and a signature of microglial
activation [49]. The idea of a link between iron management, by extent metabolism, and activated
microglia has been contemplated for some time [50]. Moreover, the capacity for RBC autophagy by
microglial cells has already been well established as an important corrective response to CNS
hemorrhage [51]. In agreement with previous studies, we have observed microglial activation following
FPI alone in the present work, as well as following chronic alcohol exposure [52, 53]. Interestingly, many
of these activated microglia remained in the tissue at 1-day, only being present around RBCs and bleed
sites 3-days post-FPI. These results demonstrate that morphology precedes function and, although
reacting quickly to an injury, microglia may have a delayed immune response to invading RBCs. However,
microglia may be responding to only atypical RBCs such as those dying from nutrient deprivation after
being con�ned in tissue for 3-days post-FPI. 

Other studies as well as our own also observed ethanol induced microglial activation [26, 54-56].
Expectedly, the combination likewise caused microglia activation and greater numbers to gather at sites
with RBC aggregation (Fig. 7.B). Chronic alcohol use prior to FPI may be sensitizing microglia to stress
and, in this manner, preconditioning the brain to future injuries. In other words, the CNS stays in ‘high
alert’ for possible stress so that when stress does appear an appropriate response is rapidly mobilized.
This state of hypervigilance may dysregulate in�ammatory and immune responses to cause
inappropriate and even exaggerated reactions. In this respect we observed multiple RBCs within activated
microglia following EtOH + FPI. This excessive phagocytosis may either be due to chronic phagocytic
activity or the engulfment of multiple RBCs at once. Similarly, the increased number of microglia present
may either be the result of migration, division, or a degree of both. Our future work will include studies
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exploring these fundamental possibilities. A recent study has shown that microglia can assume a range
of phenotypes under alcohol dependency and much remains to be understood in regard to their
activation [57]. 

            Collectively, these results begin to distinguish a pathway for iron maintenance by microglial cells.
Activated microglia phagocytose and hemolyze RBCs, catabolize heme, and release free iron.
Immediately, this iron gets bound to ferritin or hemosiderin. Any extracellular free iron becomes bound to
apotransferrin or hemosiderin to form iron-containing complexes. Knowledge of macrophage iron
management can be used to infer other details of the microglial-centric pathway. One role of macrophage
is to phagocytose senescent RBCs [58]. Therefore, in behaving like macrophage, activated microglia have
been observed to also phagocytose RBC aggregations and, in so doing, regulate excess iron presence in
the CNS. Heme transporters may also be involved in transporting heme into the cell or release it from
plasma membrane-derived vacuoles following phagocytosis. Increases in the labile iron pool may cause
excess iron to catalyze production of reactive oxygen species. Iron release may be inhibited by hepcidin
hormone binding to and degrading ferroportin transporters. As iron can only bind when in the ferric form,
membrane bound ferroxidases may be oxidizing the ferrous form. As an additional idea, the debris
following RBC hemolysis and heme release may be shu�ed to lysosomes for degradation (Fig. 8). Any
lysosomal iron may be combined with partially degraded ferritin protein to create hemosiderin. Finally,
additional stressors may free iron and evoke toxicity such as ferroptosis, an iron-dependent programmed
cell death [59]. Many directions remain to be studied in an effort to understand iron management by
microglial cells. We have only begun to discover this alternative pathway of iron regulation.

4.2 Alcohol’s in�uence extends to iron management.

            Being soluble in water, alcohol distributes into �uid spaces, as a result, higher concentrations of
ethanol can be found in blood, or cerebral spinal �uid (CSF) surround the brain [60]. As the major alcohol
�ltrating and metabolizing organ of the body, the liver becomes an obvious site for alcohol-induced iron
build-up [61]. In fact, this iron accumulation has been shown to contribute to the onset of alcoholic liver
disease. This then develops into hepatitis and, over time, liver cirrhosis and destruction. In these same
respects, generation of iron deposits in the brain may also lead to a form of in�ammation and, if not
corrected, neurodegeneration. We have shown that alcohol consumption increases bleeding and
consequent iron deposition in the CNS (Fig. 7.B). In addition, alcohol abuse has also been shown to
frequent rebleeding incidents and, in so doing, can augment deposition numbers even more [62]. Despite
this, we did not observe noticeable amounts of ferrous iron under EtOH + FPI. Therefore, although alcohol
consumption signi�cantly increases iron load in the CNS, the iron regulatory mechanisms adapt to
accommodate this upsurge and prevent free iron accumulation and iron toxicity. To this effect, we have
shown that prior chronic alcohol exposure changes the response of all three iron management pathways
following FPI (Fig. 5). It may be that continued chronic alcohol consumption following FPI is required to
release hemosiderin bound iron. This persistent stress would prevent in�ammation from resolving and
deregulate CNS functions. One affected system may be iron storage wherein the hemosiderin protein
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complex becomes destabilized and releases iron. Our future research will examine iron aggregation and
regulation when chronic alcohol consumption is continued following FPI (an EtOH + FPI + ETOH model).

5. Conclusion
The iron management system in the body is very e�cient, especially so in the CNS. This becomes most
evident when examining iron regulation under FPI following chronic alcohol consumption. In effect, three
distinct pathways coordinate to ensure iron is only ever brie�y unbound. The LCN2/HO-1/F-LC
arrangement serves to identify, extract, and sort excess iron coming from its primary source, hemorrhage.
Meanwhile, transferrin and hemosiderin binding control the over�ow. We have shown that microglia play
a role as well in clearing away some RBCs and iron deposits. Even with these processes, the CNS has
additional chelators and neuromelanin to trap more iron. There may also be even more iron regulatory
pathways and iron toxicity safeguards yet to be discovered. These results contribute to and expound
upon the impressive iron management system.
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Figures

Figure 1

Ferrous and ferric iron expression following FPI. The left and middle column are representative images of
presence of both ferrous (Fe+2) and ferric (Fe+3) iron at sham injury (Sham), and 0- and 7-days following
moderate �uid percussion injury. Turnbull’s blue method stains for free or ferrous iron while Prussian blue
stains for ferric iron bound as hemosiderin. Both ferrous and ferric iron are stained dark blue while blood
is distinguished by the yellow-brown bilirubin pigment. The right column are representative images of red
blood cell penetration into the tissue over time. The yellow arrow points to an accumulation of red blood
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cells. Red blood cells are stained dark pink, iron is blue, and tissue is light pink. All images are focused
near the ventricular systems or subarachnoid spaces, sites for major blood accumulation post-injury. The
black bar represents 100 μm (N = 5 rats).

Figure 2

LCN2 induction by alcohol, FPI, and the combination. Representative images of lipocalin 2 expression in
rats under sham injury (Sham), ethanol feeding (EtOH), �uid percussion injury (FPI), and injury following
ethanol feeding (EtOH + FPI) 1-, 3-, and 7-days post-injury. Images focus on the neocortex at the site of
impact. LCN2 is stained brown, nuclei purple, and positive ferric iron staining appears as black. The
yellow arrows point to LCN2 expression around both longitudinal and cross-section vessels. The insets
are higher magni�cations of cells within the black box and demonstrate LCN2 generation by a single cell.
The black bar represents 100 μm and inset bar represents 25 μm (N = 5 rats).
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Figure 3

HO-1 induction by alcohol, FPI, and the combination. Representative images of heme oxygenase 1
expression in rats under sham injury (Sham), ethanol feeding (EtOH), �uid percussion injury (FPI), and
injury following ethanol feeding (EtOH + FPI) 1-, 3-, and 7-days post-injury. Images focus on the neocortex
at the site of impact. HO-1 is stained brown and positive ferric iron staining appears as black. Sham
sections also stain for vessels as red. The yellow arrows point to HO-1 expression around both
longitudinal and cross-section vessels. The insets are higher magni�cations of cells within the black box
and demonstrate HO-1 generation by a single cell. The black bar represents 100 μm and inset bar
represents 25 μm (N = 5 rats).
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Figure 4

F-LC induction by alcohol, FPI, and the combination. Representative images of ferritin light chain
expression in rats under sham injury (Sham), ethanol feeding (EtOH), �uid percussion injury (FPI), and
injury following ethanol feeding (EtOH + FPI) 1-, 3-, and 7-days post-injury. Images focus on the
hypothalamic and basal forebrain regions. F-LC is stained brown, red blood cells/vessels are red, ferric
iron is dark navy, and tissue is light pink. The yellow arrows point to a cluster of F-LC expression. The
inset is a higher magni�cation of cells within the black box and demonstrates F-LC generation at sites of
red blood cell and iron accumulation. The black bar represents 100 μm and inset bar represents 25 μm (N
= 5 rats).
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Figure 5

Summary of LCN2, HO-1, and F-LC presence over time. Cartoon graphs depict the expression length and
magnitude of each iron regulatory protein after its induction by (A) brain injury, (B) alcohol consumption,
or (C) the combination. The magnitude units are arbitrary, time is expressed in days with Day 0
representing injury initiation. The red, blue, and yellow lines denote LNC2, HO-1, and F-LC respectfully. The
dashed lines speculate expression after 7-days post-injury. The light orange shading signi�es
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hemorrhage/a pro-in�ammatory response while the light blue shading signi�es repair/an anti-
in�ammatory response. All cartoons were created with BioRender.com.

Figure 6

Microglial recruitment and activation by alcohol, FPI, and the combination. Representative images of the
microglia-speci�c calcium-binding protein, Iba1, expression in rats under sham injury (Sham), ethanol
feeding (EtOH), �uid percussion injury (FPI), and injury following ethanol feeding (EtOH + FPI) 1-, 3-, and
7-days post-injury. Sham images focus on the neocortex at the site of impact while EtOH, FPI, and EtOH +
FPI images are focused near the ventricular systems and inferior colliculus at sites with major blood
accumulation. Microglia are stained brown, cell nuclei are blue, red blood cells/vessels are red, ferric iron
is purple, and tissue is light pink. The yellow arrows point to microglial recruitment to ventricular cavities
and sites of red blood cell accumulation. The insets are higher magni�cations of cells within the black
box and demonstrate changes in microglial morphology following injury. Homeostatic, resting microglia
exhibit dynamic branching while activated microglia take on an amoeboid form. Microglia in transition to
the ameboid form have shortener, thicker processes. The black bar represents 100 μm and inset bar
represents 25 μm (N = 5 rats).
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Figure 7

Microglial phagocytosis of accumulated red blood cells. (A) Representative image of microglial
phagocytosis of red blood cells near the ventricular systems 3-days post-FPI. The iron stained is in the
free, ferrous form. (B) Representative image of microglial phagocytosis of red blood cells in the cavities
next to the inferior colliculus 1-day post-EtOH + FPI. The iron stained is in the bound, ferric form. (C)
Representative image of a morphological gradient 3-days post-FPI. Microglia next to red blood cells have
an ameboid form, those near bleed sites are primed with shorter, thicker processes, and microglia even
further away remain in a resting, rami�ed state. For all images, microglia are stained brown, iron is blue,
red blood cells are dark pink, and tissue is light pink. The yellow arrows point to active or completed
phagocytosis. The insets are higher magni�cations of cells within the black box and demonstrate (A and
B) presence of iron and red blood cells inside the microglia or (C) changes in microglial morphology near
bleed sites. The black bar represents 100 μm and inset bar represents 25 μm. (D) Bar graph showing
western blot analysis of transferrin (TF), monocyte/macrophage marker (CD68), ferritin light chain (FTL),
heme oxygenase 1 (HO-1), and lipocalin 2 (LCN2) levels in plasma following sham and FPI injuries. Data
were analyzed using ImageJ to obtain arbitrary densitometry intensities and quanti�ed as the ratio of iron
regulatory protein (IRP) to β-actin. Results are presented as mean values (±SEM, N = 5 rats). FPI is
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compared to Sham injury for each protein. Signi�cant difference is indicated by ∗∗∗ p ≤ 0.001, n.s.
denotes no signi�cance.

Figure 8

Schematic of iron regulation by activated microglia. Cartoon depicts pathways for microglial
management of excess iron following traumatic brain injury. Activated microglia phagocytose red blood
cells whereupon heme becomes released. Following heme depletion, any remaining debris may be
transported to lysosomes for degradation. Alternatively, extracellular heme may be transferred into the
microglia via a heme transporter. Cytosolic heme can be lysed by heme oxygenase 1 to release free iron
and increase the labile iron pool. Excessive intracellular iron can be: (1) oxidized to produce reactive
oxygen species, (2) released by ferroportin transporters, (3) stored by ferritin, or (4) bound as hemosiderin
for long term storage. Excessive extracellular iron can be converted to the more stable, ferric form by
ferroxidases and (5) bind to apotransferrin for transportation or, when apotransferin becomes saturated,
(6) be stored in iron-containing vesicles. (7) However, in the presence of alcohol, stored iron may be
released, converted to its toxic, ferrous form by ferrireductase, and, as a result, generate oxidative stress.
The pink text indicates a representative image that depicts this event. The cartoon was created with
BioRender.com.


