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Abstract

Previous studies revealed that oxidative stress and inflammation are the main contributors to secondary injury after trau-
matic brain injury (TBI). In an earlier study, we reported that lutein/zeaxanthin isomers (L/Zi) exert antioxidative and
anti-inflammatory effects by activating the nuclear factor-kappa B (NF-kB) and nuclear factor-erythroid 2-related factor
2 (Nrf2) pathways. However, its precise role and underlying mechanisms were largely unknown after TBI. This study was
conducted to investigate the potential mechanism of L/Zi isomers in a TBI model induced by a cold injury model in mice. To
investigate the effects of L/Zi, male C57BL/6j mice-induced brain injury using the cold trauma model was allocated into two
groups (n="7): (i) TBI+ vehicle group and (ii) TBI+ L/Zi group (20 mg/kg BW). Brain samples were collected 24 h later for
analyses. L/Zi given immediately after the injury decreased infarct volume and blood-brain barrier (BBB) permeability; L/
Zi treatment also significantly reduced proinflammatory cytokines, including interleukinl beta (IL-1p), interleukin 6 (IL-6),
and NF-kB levels and increased growth-associated protein 43 (GAP-43), neural cell adhesion molecule (NCAM), brain-
derived neurotrophic factor (BDNF), and Nrf2 levels compared with vehicle control. These data suggest that L/Zi improves
mitochondrial function in TBI models, possibly decreasing inflammation and activating the Nrf2 pathway.
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Introduction prominent in the central nervous system tissues. For exam-
ple, they are found in primate retina macaques at concentra-
tions 500 times higher than other body tissues, such as serum
(Johnson 2014). These carotenoids filter blue light and
function as antioxidants (Snodderly 1995). US-based stud-

ies indicate that lutein and zeaxanthin are protective against

Carotenoids are molecules found in plants. Lutein and zeax-
anthin are xanthophyll carotenoids, which are abundant in
green leafy vegetables and brightly colored fruits. They
are found in many places in body tissues, but they are most
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age-related macular degeneration, one of the leading causes
of blindness and blindness (Friedman et al. 2004; Nakajima
et al. 2009; Snodderly 1995). Many studies have shown that
more carotenoid intake protects against age-related macular
degeneration, cancer, and cardiovascular and neurodegenera-
tive diseases (Krinsky and Johnson 2005).

Lutein and zeaxanthin constitute 66—77% of the total
carotenoid concentration in human brain tissue (Barker
et al. 2011; Craft et al. 2004). The cortical lutein and zeax-
anthin are protective and affect interneuronal communica-
tion and functions through various mechanisms. Although
the molecular basis of these neuroprotective effects of lutein
and zeaxanthin is unidentified, multiple mechanisms have
been proposed, including reduction of oxidative stress and
inflammation and regulation of the functional properties of
synaptic membranes (Johnson 2005; Krinsky and Johnson
2005; Kritchevsky et al. 2000; Song et al. 2000). It has been
shown that lutein and zeaxanthin may be essential for devel-
oping the light-sensing process and the neural circuits in
the visual system by strengthening the retina gap junction
(Stahl and Sies 2001). Lutein and zeaxanthin as maculopure
pigments have also been found to enhance visual processing
speed (Hammond and Wooten 2005; Renzi and Hammond
2010a, b). Several studies have also been done to evaluate
the relationship between lutein and zeaxanthin concentra-
tions and cognitive function. From these studies, two groups
of rhesus monkeys were discerned. One of these groups was
treated with lutein alone and a diet containing only zeax-
anthin and no other carotenoids, and xanthophyll concen-
trations were measured by HPLC on extracts after examin-
ing retina and brain tissues after the diet. When the values
obtained were analyzed, the retinal concentrations of lutein
and zeaxanthin showed a significant correlation with the
concentrations in the cerebellum. Similarly, concentrations
of zeaxanthin in the occipital cortex, frontal cortex, and pons
correlate with zeaxanthin levels in the retina (Johnson et al.
2005; Vishwanathan et al. 2013). In light of these results,
macular pigment density has been researched as a biomarker
of lutein and zeaxanthin in the primate brain. In a study,
Cheng et al. (2015) showed that lutein modulates oxidative
stress and inflammation and is a protective effect against
ischemia/reperfusion injury in the rat skeleton (Cheng et al.
2015). Treatment of lutein administered to rats reduces reac-
tive oxygen species, lipid peroxidation, protein carbonyla-
tion, and sulthydryls, and it has been shown to significantly
reduce oxidative stress by increasing nuclear factor eryth-
roid 2 (Nrf-2) levels and antioxidant status. According to the
same study results, lutein treatment reduced the expression
of nuclear factor kappa B (NF-kB) and cyclooxygenase-2
(COX-2), which increased after ischemia/reperfusion injury
(Cheng et al. 2015).
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Sun et al. (2014) experimentally treated lutein-treated mice
with transient brain ischemia, finding that it is neuroprotective
and that this effect may be related to the antioxidant properties of
lutein (Sun et al. 2014). Ozawa et al. (2012) showed that oxida-
tive stress in the retina decreases in rats treated with the experi-
mental ocular disease after lutein treatment and the degradation
of functional proteins such as rhodopsin and synaptophysin well
as brain-derived neurotrophic factor (BDNF) depletion and
DNA damage (Ozawa et al. 2012). The results of another study
in adult rthesus monkeys also support the hypothesis that lutein
may be useful as an antioxidant in the brain (Mohn et al. 2017).

NF-kB p65 and COX-2 decreased the expression of the
intracellular adhesion molecule (ICAM)-1 protein after
treatment with lutein in severe traumatic brain injury (TBI)-
treated rats as well as decreasing Nrf-2 and endothelin-1
protein levels. These findings suggest that lutein has anti-
inflammatory and antioxidative effects as well as a protec-
tive effect against severe TBI (Tan et al. 2017).

TBI is one of the most common causes of morbidity and
mortality (Kelestemur et al. 2016; Keskin et al. 2017). In addi-
tion to acute injury in TBI, neuronal damage also occurs due
to secondary effects that develop afterward. These include
oxidative damage due to inflammation and the formation of
free radicals, excessive glutamate release, impaired calcium
homeostasis, excitotoxicity, deterioration of the blood—-brain
barrier, and all-out cell death (Biegon et al. 2004; Kilic et al.
2013; Loane and Faden 2010; Malkesman et al. 2013). In
addition to the results of several TBI studies showing that
combined treatment modalities for preventing inflammation
and oxidative injury are beneficial, changes in the diet can be
predicted to contribute to antioxidative and anti-inflammatory
treatment strategies (Esenwa and Elkind 2016; Russo and
McGavern 2016). Currently, efforts to develop new neuro-
protective treatment strategies are underway by evaluating
the mechanisms of secondary damage. Many pharmacologic
agents cannot have the desired effect on the neuroprotective
pathways at the experimental stage, as the possible drug inter-
actions cannot affect the essential physiopathological mecha-
nisms. This has led to the emergence of single-drug modalities
in the treatment process (Hawryluk and Bullock 2016). Given
the recently described neuroprotective effects in experimental
models, carotenoids such as genotoxic, non-mutagenic, and
highly therapeutic indole and lutein and zeaxanthin isomers (L/
Zi) may contribute to the development of new treatment strate-
gies by conducting further clinical investigations (Ravikrishnan
et al. 2011; Thurnham and Howard 2013). Therefore, in the
present study, we investigated the effects of L/Zi isomers on
the infarct volume, blood-brain barrier (BBB) permeability,
proinflammatory cytokines, and brain-derived neurotrophic
factor (BDNF) levels in a TBI model induced by a cold injury
model in mice.
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Methods

Animals

Adult male C57BL/6j mice (n=7) weighing 23-26 g were
obtained from the Laboratory Animal Unit of the Istanbul
Medipol University. All experimentations were done follow-
ing the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals and approved by the Animal
Research Ethics Committee of Istanbul Medipol University
(37/2017). Mice were kept in a constant 12:12-h light: dark
regime with ad libitum access to food and water.

Traumatic Brain Injury

Traumatic brain injury was performed as defined earlier
in a cold injury-induced trauma model in mice fixed on
a stereotaxic device (WPI Instruments, USA) (Johnson
2014). The rectal temperature was kept between 36.5 and
37.0 °C with homoeothermic drapes throughout the tri-
als. The traumatic injury was done by a liquid nitrogen-
cooled copper probe (tip diameter 2.5 mm), located on
the skull for 60 s, then removed. Immediately after TBI
induction, the animals were injected intraperitoneally with
L/Zi isomers (20 mg/kg BW) or vehicles (5% EtOH in
isotonic saline). The mice were then kept in the feeding
room for post-traumatic healing for 24 h. Twenty-four h
after trauma, mice were intensely anesthetized with 4%
isoflurane (30% O,, remainder N,O), and euthanasia was
performed by cervical dislocation. Brain tissues were
removed, frozen on dry ice, and sliced with a cryostat
into 18-pm sections used in brain volume analysis.

Experimental Design

After 1-week adaptation period, animals were randomly
allocated into two groups (n=7): (i) TBI+ vehicle group
receiving the vehicle in equal volume (5% EtOH in isotonic
saline) or (ii) TBI+L/Zi Isomers group (20 mg/kg BW) at
the corresponding time points.

Analysis of Infarct Volume and Brain Edema

Coronal brain sections from equal brain levels, 1 mm
apart, were stained with Cresyl violet. Infarction volume
and brain swelling were calculated as described earlier
(Johnson 2014). Briefly, brain infarcts were defined by
delineating non-lesioned tissue in both hemispheres,
where edema corrected infarction areas and infarction
volumes are determined using an image analysis system

(Image J; NIH, Bethesda, MD, USA). Brain edema was
examined by outlining the lesions with and without
lesions in both hemispheres, which were deducted from
each other and separated by the non-lesioned tissue in
the contralateral brain, yielding percentage values of the
brain edema.

Western Blot Analysis

As previously described, western blot of brain tissue sam-
ples collected from the injured cortex was performed to
detect the expression of protein levels due to inflamma-
tion and antioxidant mechanism (Friedman et al. 2004,
Snodderly 1995). Briefly, samples of the same group were
pooled, homogenized, and sonicated in lysis buffer supple-
mented with 1X protease and phosphatase inhibitor cocktail
(#5872, Cell Signaling). According to the manufacturer’s
protocol, total protein content was detected with a Qubit 2.0
Fluorometer (Invitrogen, Life Technologies Corporation,
Carlsbad, CA, USA). Equal amounts of protein (20 pg) were
size-fractionated using any-kD Mini-Protean TGX gel elec-
trophoresis and then transferred to a nitrocellulose mem-
brane using the Trans-Blot Turbo Transfer System (Bio-
Rad, Life Sciences Research). After that, membranes were
blocked in 5% nonfat milk in Tris-buffered saline (TBS)
containing 0.1% Tween (TBS-T; blocking solution) for 1 h
at room temperature, washed in TBS-T, and incubated over-
night with growth-associated protein-43 (GAP-43), glial
fibrillary acidic protein (GFAP), ICAM, neural cell adhe-
sion molecule (NCAM), interleukin (IL1f), IL6, BDNF,
NFxB, and Nrf2 antibodies (Abcam, Cambridge, UK). The
following day, membranes were washed with TBS-T and
then incubated with horseradish peroxidase-conjugated goat
anti-rabbit (Abcam, Cambridge, UK) or goat anti-mouse
(Abcam, Cambridge, UK) secondary antibody (diluted
1:1000) for 1 h. Individual blots were performed at least
three times. Protein loading was controlled by stripping
and reprobing the nitrocellulose membrane with an anti-
B-actin antibody (Abcam, Cambridge, UK). Protein levels
were analyzed densitometrically using an image analysis
system (Image J; National Institute of Health, Bethesda,
MD, USA), corrected with values determined on B-actin
blots, and expressed as relative values compared with the
control group.

Statistical Analysis
Differences between groups were analyzed by z-tfest using
SPSS 18 for Windows (SPSS Inc. Chicago, IL, USA). All

values are given as mean=+S.D; p values <0.05 are consid-
ered significant.
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Results

Evaluation of the Effect of L/Zi Isomers on Reducing
Brain Edema Following Traumatic Brain Injury

The animals were treated with L/Zi isomers or vehicles
immediately after TBI induction. Brain swelling/edema and
infarct volume were evaluated by Cresyl violet staining in
18-um-thick coronal brain sections. In the control group,
reproducible brain infarcts were detected 24 h after the onset
of TBI. L/Zi isomers significantly reduced brain infarct
volume when compared with the control group (P <0.05)
(Fig. 1a). In addition, brain swelling presented some decline
with L/Zi isomers administration, but it was not a statisti-
cally significant level (Fig. 1b).

Evaluation of the Effect of L/Zi Isomers on Brain
Neurotrophic Factors and Markers Associated
with Plasticity and Inflammatory Proteins After
Traumatic Brain Injury

We analyzed the levels of GAP-43 (Fig. 2a), a signaling
molecule in neuronal growth, and GFAP (Fig. 2b), a main
component of the glial scar, by Western blot analysis to
evaluate the effect of L/Zi on the glial cell proliferation.
We have observed that L/Zi administration significantly
increased GAP-43 and reduced GFAP levels compared with
the control group (P < 0.001), suggesting that L/Zi can play a
role in neuroprotection following TBI by increasing GAP-43
expression and inhibiting the expression of GFAP.
Analyzes of the ICAM levels revealed that L/Zi resulted
in a significant increase in the protein level of ICAM
(P<0.01; Fig. 2c), which was associated with decreased lev-
els of pro-inflammatory proteins, IL-1p (P <0.001; Fig. 2e),
and IL-6 (P <0.01; Fig. 2f). In addition, L/Zi administration
significantly increased NCAM levels after traumatic brain
injury (P <0.001; Fig. 2d). Both BDNF and Nrf2 (P <0.001;
Fig. 2g, 1) levels were significantly increased in L/Zi treated
group as compared with the control. In addition, L/Zi

Fig. 1 Effect of Lutein/Zeax-
anthin isomers (L/Zi) on brain
infarct volume and edema in
traumatic brain injury in mice.
L/Zi treatment reduced infarct
volume significantly (a) and

a moderate decrease in brain
edema was observed (b). Each
bar represents the mean and
standard error of the mean.
*p<0.05
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administration significantly decreased NF-kB levels after
traumatic brain injury (P <0.001; Fig. 2h).

Discussion

TBI has become a serious health problem due to various
accidents or incidents in contemporary life. While some
TBI cases may be minor injuries, a considerable proportion
of the TBI cases may leave heavy sequelae. In particular,
there has been an increase in the frequency of neurodegen-
erative diseases such as dementia, Alzheimer’s disease, and
Parkinson’s disease, especially after TBI (Washington et al.
2016). Secondary damage due to changes in cellular and
neurochemical mechanisms that develop immediately after
TBI is mainly due to oxidative stress (Abdul-Muneer et al.
2015). Despite all these high morbidity and mortality rates,
FDA-approved definitive treatment protocols are unfortu-
nately not yet available (Venegoni et al. 2017). However, the
addition of antioxidant-containing foods and molecules to
the applied treatment protocols may contribute to alleviat-
ing symptoms (de Roos and Duthie 2015). We investigated
brain edema, infarct volume, some molecules involved in
the inflammatory response, antioxidant mechanism markers,
and neuronal plasticity parameters after using L/Zi isomers
in TBI treatment in our study.

The experimental TBI model used in this study is a corti-
cal cryogenic injury model and leads to the functional dete-
rioration of the blood-brain barrier in rodents. Immediately
after the injury, astrocytic activation and inflammation, which
result in the expansion of the area of injury, occur immedi-
ately around the first area of injury (Albert-Weissenberger and
Sirén 2010). Increased proinflammatory cytokines, including
IL-1p, are associated with TBI in secondary TBI-associated
secondary damage. IL-1p has been shown to increase in
rodent brains following TBI versus exhaling low levels under
physiological conditions (Kamm et al. 2006). IL-1p enhances
neuronal damage by activating other pro-inflammatory media-
tors and leading to glutamate-mediated excitotoxicity (Ley
et al. 2011). It has also been shown that IL-1f causes edema

Brain Oedema, %

L/Zi Control L/Zi
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NF-xB (h), and Nrf2 (i) in traumatic brain injury in mice. Data are
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in the brain following injury (Holmin and Mathiesen 2000).
IL-6, another proinflammatory cytokine, cannot be detected
in the normal brain but is elevated in response to brain dam-
age (Woodcock and Morganti-Kossmann 2013). According
to our results, the decrease in infarct volume and brain edema
may be related to the inhibition of L/Zi isomers by IL-1f and
IL-6 (Fig. 2e, f).

In both focal and diffuse TBI, glial cells are activated
and proliferate due to secondary damage to the membrane
(Vos 2011). Woodcock and colleagues reported that IL-6
activates the JAK/STAT pathway in brain injury, thereby
increasing GFAP expression; thus, reactive astrogliosis fol-
lowing trauma may be due to IL-6 (Woodcock and Morganti-
Kossmann 2013). Another study showed that serum levels
of GFAP in TBI patients were increased and could be used
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to marker the severity of trauma (Nylén et al. 2006). It is
thought that inhibition of GFAP in these findings enhances
healing and improves the outcomes of TBI patients. Accord-
ing to our study results, the decrease in GFAP levels in the L/
Zi isomer-treated group may be due to the inhibition of IL-6
by L/Zi isomers (Fig. 2b).

Many studies are reporting an increase in ICAM expres-
sions after TBI. The increase in ICAM expressions can lead
to increased permeability in the blood—brain barrier (Bowes
et al. 1993; Knoblach and Faden 2002). This may be a nega-
tive situation, but it may also allow the passage of mediators
that trigger the healing process. The present study results
showed a significant increase in ICAM levels in the group
treated with L/Zi isomers (Fig. 2c). This seems to be con-
tradictory to the literature (Tan et al. 2017), which may be

@ Springer
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due to the coexistence of L/Zi isomers and the differently
applied experimental trauma models. In another study, You
and colleagues showed an increase in [CAM-1 mRNA levels
in response to NF-kB activation in an experimental suba-
rachnoid hemorrhage model (You et al. 2013). NF-kB is one
of the primary regulators in the inflammatory process that
develops after brain injury, enhancing expression in TBI and
other neurodegenerative disorders (Kaltschmidt et al. 2005;
Nonaka et al. 1999). The inhibition of NF-kB may positively
affect the treatment process when the increase in NF-kB
after trauma is considered a precautionary measure. Indeed,
a TBI study of the NF-«B inhibitor has been shown to reduce
brain edema (Xiao and Wei 2005). In our study, the decrease
in NF-kB levels in the group treated with L/Zi isomers pro-
moted the infarct volume and brain edema-reducing effect of
L/Zi isomers. Conversely, an increase in ICAM levels while
NF-«B expressions are reduced reinforces the notion that
TBI mechanisms or factors may still be unknown.

Another parameter we evaluated in our study was Nrf2.
Nrf2 is an important regulator of antioxidant and anti-
inflammatory processes (Wardyn et al. 2015). Increased
Nrf2 mediates the expression of antioxidant genes in TBI,
resulting in decreased infarct volume and brain edema by
inhibiting IL-1p, IL-6, and NF-xB expression (Wagner
et al. 2012). In our study, the results obtained in the group
treated with L/Zi isomers are in parallel with this situation.
In addition, increases in GAP43 and NCAM expressions
were detected in the L/Zi isomers-treated group. GAP43 is
an important parameter showing regeneration after TBI (Gao
et al. 2008), while NCAM is a molecular agent responsible
for post-traumatic reorganization and is used as a neurogene-
sis marker (Budinich et al. 2012). Brain-derived growth fac-
tor (BDNF) is a specific neurotrophin secreted by dendritic
structures (Hartmann et al. 2001). BDNF has important
neuroprotective properties and is associated with new neu-
ron formation, differentiation, growth, and survival (Yulug
et al. 2017). The increase in BDNF levels in the L/Zi isomer-
treated group in our study enhanced the hypothesis that L/
Zi isomers may have neuroprotective effects following TBI.

Conclusions

In our study, results were obtained that reduce the infarct
volume and brain edema of the antioxidant molecule, L/Zi
isomers, and reduce IL-1f, IL-6, and GFAP levels through
NF-kB downregulation in mice after TBI. In addition, L/
Zi isomers have been shown to induce endogenous anti-
oxidant systems via the upregulation of Nrf2, leading to an
increase in neuronal plasticity markers GAP43, NCAM, and
BDNF, an important neuroprotective molecule. The use of
L/Zi isomers as a diet or drug in addition to the current
treatment approaches in light of this information may lead

@ Springer

to promising developments in the treatment of many neu-
rodegenerative disorders characterized by TBI or oxidative
stress.

Abbreviations BBB: Blood-brain barrier; BDNF: Brain-derived
neurotrophic factor; COX-2: Cyclooxygenase-2; ICAM-1: Intracel-
lular adhesion molecule-1; IL1p: Interleukin 1 beta; IL6: Interleukin
6; GAP43: Growth associated protein 43; L/Zi: Lutein/zeaxanthin;
NCAM: Neural cell adhesion molecule; NF-kB: Nuclear factor-kappa
B; Nrf2: Nuclear factor-erythroid 2-related factor 2; TBI: Traumatic
brain injury
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