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Fucoxanthin ameliorates traumatic brain injury
by suppressing the blood–brain barrier disruption

Li Zhang,1 Zhigang Hu,1 Wanshan Bai,1 Yaonan Peng,1 Yixing Lin,1,2,* and Zixiang Cong1,*

SUMMARY

Fucoxanthin is the most abundant marine carotenoid extracted from seaweed. Our previous study has
shown that fucoxanthin inhibited oxidative stress after traumatic brain injury (TBI). However, the effects
of fucoxanthin on TBI-induced blood–brain barrier (BBB) destruction have not been well understood. In
the present study, we found that fucoxanthin improved neurological dysfunction, reduced brain edema,
attenuated cortical lesion volume, and decreased dendrites loss after TBI in vivo. Moreover, fucoxanthin
suppressed BBB leakage, preserved tight junction (TJ) and adherens junction (AJ) proteins, and inhibited
MMP-9 expression. Furthermore, fucoxanthin alleviated apoptosis and ferroptosis, and activatedmitoph-
agy in endothelial cells (ECs) after TBI. However, the protection of fucoxanthin on BBB was attenuated
when mitophagy was inhibited. Importantly, fucoxanthin also provided protective effects in bEnd.3 cells
after TBI. Taken together, our results suggested that fucoxanthin played a key role in the protection of
BBB after TBI through mitophagy.

INTRODUCTION

Traumatic brain injury (TBI) is one of the leading causes of disability and death worldwide. It can be induced by external trauma such as traffic,

industrial, falls and military conflicts.1 The pathogenesis of TBI involves a complicated set of events, including the primary damage caused by

mechanical forces and the secondary damage triggered by blood–brain barrier (BBB) disruption, synaptic dysfunction, neuronal apoptosis

and oxidative damage.2 The current treatments for TBI include surgery, hyperbaric oxygen therapy and nerve dehydration. However, millions

of survivors of TBI are often left with mental, physical and intellectual disabilities that reduce the quality of life and pose a heavy financial

burden on the public health system.3 Given these realities, it is urgently needed to better understand the pathophysiological mechanisms

of TBI and develop effective therapeutic strategies for patients suffering from TBI.

BBB disruption is one of the important pathological mechanisms after TBI, which occurs at the beginning and accompanies the whole pro-

cess of TBI.4 The destruction of BBB can initiate the release of macrophages, neutrophils and lymphocytes at the injury site, thus aggravating

the brain damage.5 BBB is a lipophilic and dynamic barrier which separates the brain from blood flow.6 The functional and structural integrity

of BBB is critical for maintaining the homeostasis of brainmicroenvironment.7 Due to its highly specialized nature, BBB can selectively prevent

the exchange of neurotoxic molecules, regulate the trafficking of macromolecules, amino acids, ions and peptides between the brain and

blood.8 The integrity of BBB is primarily preserved by endothelial cells (ECs) and basement membrane. It is also regulated by pericytes, ol-

igodendrocytes and immunes cells.9 The damage of BBB after TBI may lead to neurodegenerative and neurological deficits in the brain.10,11

Therefore, repairing of BBB can be the effective therapeutic method for the treatment of TBI.

Fucoxanthin is a marine carotenoid found in the chloroplasts of seaweeds and diatoms.12 It is abundant in nature, accounting for about

10% of the total production of carotenoids.13 Furthermore, fucoxanthin has been suggested to be safe by the European Food Safety Authority

and the US Food and Drug Administration.14 Fucoxanthin possesses unique structural features, including allene bond, epoxide and acetyl

groups.15 Due to its structural diversity, fucoxanthin has health benefits such as anti-inflammation, antioxidant, anti-obesity and anti-diabetic

effects.16 Recently, studies have revealed the effective role of fucoxanthin in the treatment of central nervous system (CNS) diseases. It has

been indicated that fucoxanthin inhibited oxidative damage and brain injury after subarachnoid hemorrhage (SAH) by the deacetylation

of forkhead transcription factors of the O class (FoxO) and p53 through the activation of sirtuin 1 (SIRT1).17 In addition, our previous study

has demonstrated that fucoxanthin suppressed cell death, oxidative stress and apoptosis in TBI via the nuclear factor erythroid 2-related fac-

tor 2 (Nrf2)-antioxidant-response element (ARE) and Nrf2-autophagy pathways.18 However, the effects of fucoxanthin in TBI-induced BBB

destruction have not been fully explained. In this study, we explored whether fucoxanthin protected BBB against TBI and the underlying

mechanisms.
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RESULTS

Fucoxanthin improved the neurological outcomes, reduced brain edema and decreased lesion volume after traumatic brain

injury

To determine whether fucoxanthin protected mice against TBI, we firstly used the NSS (Table 1), rotarod test, MWM and OFT to evaluate the

neurological function of mice after TBI. As shown in Figure 1A, themotor performance of fucoxanthin-treated TBI mice was better than that of

vehicle-treated TBI mice. Moreover, the rotarod test showed that the administration of fucoxanthin obviously improved neurological function

after TBI (Figure 1B). Furthermore, in theMWM test, fucoxanthin-treated TBImice spent shorter escape latency (Figure 1C) and less swimming

distance (Figure 1D) to find the platform than vehicle-treated TBI mice (Figure 1E). In addition, theOFT showed that the total moving distance

of mice was decreased after fucoxanthin treatment (Figures 1F and 1G).

We then used brain water content to confirm the neuroprotective effects of fucoxanthin. As shown in Figure 1H, the brain water content

was increased at 3 days after TBI. However, the treatment of fucoxanthin decreased the brain water content. Then, we determined whether

fucoxanthin affected TBI-induced cortical lesion volume. Figures 1I and 1J showed that TBI induced obvious brain tissue loss (red lines). How-

ever, the treatment of fucoxanthin reduced the lesion volume (Figures 1I and 1J). Finally, we usedGolgi-Cox staining to examine the effects of

fucoxanthin on neuronal dendrites and dendritic spines. As shown in Figure 1K, the neurons lost their dendrites after TBI. However, fucoxan-

thin protected the neuronal spine density against TBI (Figure 1K).

Fucoxanthin attenuated blood–brain barrier damage after traumatic brain injury

BBB damage is a common feature of TBI, which is closely related to the morbidity and mortality in patients with TBI.19 We then investigated

whether fucoxanthin attenuated TBI-induced BBB disruption. We firstly assessed the permeability of BBB by EB leakage. The results revealed

that TBI increased the permeability of BBB, while the treatment of fucoxanthin by both i.g. administration or i.c.v. injection significantly

decreased the BBB permeability (Figure 2A).

To explore the mechanisms underlying the protection of fucoxanthin on BBB, we analyzed the expression of tight junction (TJ) proteins

(ZO-1, occludin, claudin-5) and adherens junction (AJ) protein (vascular endothelial-cadherin, VE-cadherin). As shown in Figures 2B and

2C, TBI down-regulated the expression of ZO-1, occludin, claudin-5, and VE-cadherin, while fucoxanthin remarkably reversed the expression

of these proteins (Figures 2B and 2C).

MMP-9 is a primary proteolytic enzyme that degrades TJ and AJ proteins.10 We then examined the expression of MMP-9 after TBI. We

found that TBI increased the expression of MMP-9, which was significantly inhibited by fucoxanthin (Figure 2D). These data suggested

that fucoxanthin alleviated BBB leakage by preserving TJ and AJ proteins after TBI, at least partially through the inhibition of MMP-9.

Fucoxanthin suppressed endothelial cell apoptosis after traumatic brain injury

As the primary cell type of BBB, EC survival is responsible for the BBB integrity.20 It has been shown that TBI could induce EC apoptosis, thus

destroying BBB.21 To verify the occurrence of EC apoptosis, we firstly used double IF staining of TUNEL and CD31 (an ECmarker). The results

showed that in the sham group, few apoptotic-positive ECs were detected (Figures 3A and 3B). However, the co-localization of TUNEL-pos-

itive and CD31-positive cells were found in the TBI and TBI + vehicle groups (Figures 3A and 3B). Administration of fucoxanthin remarkably

decreased the number of TUNEL-positive and CD31-positive cells (Figures 3A and 3B).

To further examine the effects of fucoxanthin on apoptosis, we analyzed several apoptosis markers such as Bax, Bcl-2, and caspase-3. We

found that the expression of Bcl-2 (Figures 3C and 3E) was decreased while the expression of Bax (Figures 3C and 3D) and cleaved caspase-3

(Figures 3F and 3G)was increased after TBI. However, the treatment of fucoxanthin evidently reducedTBI-induced apoptosis (Figures 3C–3G).

Table 1. Neurological severity scoring (NSS)

Items Description

Points

Success/Failure

Exit circle Ability and initiative to exit a circle of 30 cm diameter (time limit: 3 min) 0 1

Mono-/hemiparesis Paresis of upper and/or lower limb of contralateral side 0 1

Straight walk Alertness, initiative, and motor ability to walk straight, when placed on the floor 0 1

Startle reflex Innate reflex (flinching in response to a loud hand clap) 0 1

Seeking behavior Physiological behavior as a sign of ‘‘interest’’ in the environment 0 1

Beam balancing Ability to balance on a beam 7 mm in width for at least 10 s 0 1

Round stick balancing Ability to balance on a round stick 5 mm in diameter for at least 10 s 0 1

Beam walk: 3 cm Ability to cross a beam (length 3 width, 30 3 3 cm) 0 1

Beam walk: 2 cm Same task but with increased difficulty (beam width = 2 cm) 0 1

Beam walk: 1 cm Same task but with increased difficulty (beam width = 1 cm) 0 1

Maximum score 10
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Fucoxanthin decreased endothelial cells ferroptosis after traumatic brain injury

Ferroptosis can contribute to EC damage in the case of brain injury and inhibition of ferroptosis has been shown to provide neuroprotection

on BBB.22 The features of ferroptosis are the iron accumulation-dependent lipid peroxidation (LPO) generation and oxidative damage. To

Figure 1. Effects of fucoxanthin in TBI

(A and B) Mice were subjected to TBI and received 0.05 mmol/L of fucoxanthin or vehicle i.c.v. injection 30 min after TBI. NSS (A) and Rotarod test (B) were

evaluated at 1, 3, 5, 7 and 14 days after TBI and fucoxanthin treatment.

(C and D) Mice were subjected to TBI and received 0.05 mmol/L of fucoxanthin or vehicle i.c.v. injection 30 min after TBI. MWM test was evaluated at 15–21 days

after TBI and fucoxanthin treatment.

(E) Representative images of swimming traces in MWM test at 21 days post TBI.

(F) Mice were subjected to TBI and received 0.05 mmol/L of fucoxanthin or vehicle i.c.v. injection 30 min after TBI. OFT was evaluated at 15–21 days after TBI and

fucoxanthin treatment.

(G) Representative images of tracks in OFT at 21 days post TBI.

(H–K)Mice were subjected to TBI and received 0.05mmol/L of fucoxanthin or vehicle i.c.v. injection 30min after TBI. Brain water content (H), brain tissue loss (I and

J), and neuronal spine density (K) were examined at 3 days after TBI and fucoxanthin treatment. n = 3 per group.

Data were presented as mean G SD; ***p < 0.001 versus sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus TBI + vehicle group.
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prove the initiation of EC ferroptosis after TBI and fucoxanthin could attenuate TBI-induced EC ferroptosis, we firstly examined the iron

accumulation. The Perl’s staining showed that TBI increased iron accumulation in ECs surrounding injury site. However, the treatment of

fucoxanthin significantly decreased iron accumulation in ECs (Figures 4A and 4B). We further investigated the potential mechanisms of

iron accumulation after TBI. Iron homeostasis is mediated by Tf-TfR internalization for iron uptake, Ft for iron storage and Fpn-1 for iron export

in cells. Therefore, we evaluated the expression of TfR, Ft and Fpn-1. The results showed that the levels of TfR and Ft were up-regulated (Fig-

ure 4C) and the levels of Fpn-1 were down-regulated in TBI (Figure 4D). Administration of fucoxanthin reversed these effects (Figures 4C and

4D), demonstrating that TBI-caused imbalance of iron homeostasis was restored by fucoxanthin. Then, we assessed the mitochondrial

morphology by TEM. As shown in Figure 4E, the shrunken mitochondria with increased bilayer membrane density were observed after

TBI, which was considered as the characteristic of ferroptosis. However, fucoxanthin improved the morphology of mitochondria (Figure 4E).

Next, we analyzed the LPO generation by the measurement of MDA and GPx after TBI. We found that the levels of MDA were increased

(Figure 5A) and the levels of GPx were decreased (Figure 5B) after TBI. However, the levels of MDA and GPx were reversed after fucoxanthin

treatment (Figures 5A and 5B). Subsequently, we examined the oxidative damage by double IF staining of 8-OHdG and CD31, the results

revealed that TBI induced oxidative deoxyribonucleic acid (DNA) damage in ECs, while fucoxanthin suppressed TBI-induced oxidative dam-

age (Figure 5C).

It hasbeensuggested thatACSL4andGPX4were themain regulatorsof ferroptosis.We thenmeasured theexpressionof theseproteinsby IF

inECs.As shown inFigure6,ACSL4wasup-regulated (Figure6A)andGPX4wasdown-regulated (Figure 6B) inCD31-positiveECsafter TBI,while

the treatment of fucoxanthin reversed these effects (Figures 6A and 6B). These data indicated that fucoxanthin suppressed ferroptosis after TBI.

Fucoxanthin promoted mitophagy after traumatic brain injury

Growing studies have suggested that mitophagy could regulate apoptosis and ferroptosis after TBI.23 Therefore, we wondered whether mi-

tophagy was involved in the protection of fucoxanthin on BBB. We firstly used the double IF staining of LC3 and CD31, the results revealed

that TBI increased the co-localization of LC3-positive and CD31-positive cells compared to the sham group, suggesting the formation of au-

tophagosome in ECs (Figure 7A). In addition, the LC3-positive and CD31-positive cells were further increased after fucoxanthin treatment

(Figure 7A). The ability of fucoxanthin to induce autophagy was confirmed by TEM. After TBI, the autophagic vacuoles containing cellular

organelles were observed. Upon the treatment of fucoxanthin, the numbers of autophagic vacuoles were further increased (Figure 7B). To

Figure 2. Fucoxanthin attenuated BBB damage after TBI

(A) Representative images and quantitative analysis of the effect of fucoxanthin by 0.05 mmol/L i.c.v. injection and 100mg/kg i.g. administration on EB leakage at

3 days after TBI.

(B) Western blot assay for the expression of ZO-1 and occludin in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection.

(C) Western blot assay for the expression of claudin-5 and VE-cadherin in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection.

(D) Western blot assay for the expression of MMP-9 in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection. n = 3 per group.

Data were presented as meanG SD; ***p < 0.001 versus sham group; ##p < 0.01, ###p < 0.001 versus TBI + vehicle group. b-actin was used as a loading control.
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further prove that mitophagy was activated, we analyzed the expression of mitophagy-related proteins, such as PINK1, Parkin, TOMM20 and

LC3. We found that TBI increased the expression of PINK1 (Figures 7C and 7D), Parkin (Figures 7C and 7D), TOMM20 (Figures 7E and 7F) and

LC3-II (Figures 7G and 7H). Moreover, the TBI-inducedmitophagy was enhanced by fucoxanthin, as proven by further increased expression of

PINK1 (Figures 7C and 7D), Parkin (Figures 7C and 7D), TOMM20 (Figures 7E and 7F) and LC3-II (Figures 7G and 7H). These data indicated that

fucoxanthin promoted TBI-induced mitophagy in ECs.

To explore whether the protective effects of fucoxanthin on BBB were abated when mitophagy was blocked, we used a mitophagy

inhibitor mitochondrial division inhibitor-1 (Mdivi-1). As shown in Figure 8, Mdivi-1 partly reversed the inhibitory effects of fucoxanthin on

neurological dysfunction (Figure 8A), brain water content (Figure 8B), EB leakage (Figures 8C and 8D), apoptosis (Figure 8E) and ferroptosis

(Figure 8F) in TBI, suggesting that the mitophagy was partly involved in the neuroprotection of fucoxanthin on BBB after TBI.

Fucoxanthin protected bEnd.3 cells from traumatic brain injury

The protective effects of fucoxanthin on BBB after TBI were also confirmed in bEnd.3 cells. TB staining and LDH release assay were firstly

conducted in cells treated with fucoxanthin. In TB staining, the treatment of fucoxanthin significantly increased the percentage of viable cells

(Figure 9A). Similar results were found in LDH release assay (Figure 9B). These results suggested that fucoxanthin provided protection on BBB

after TBI in vitro. Furthermore, we examined the role of fucoxanthin on BBB integrity in bEnd.3 cells after TBI. We found that the levels of TEER

(Figure 9C) and g-GT (Figure 9D) were down-regulated after TBI in bEnd.3 cells. However, the treatment of fucoxanthin up-regulated the

levels of TEER (Figure 9C) and g-GT (Figure 9D), indicating that fucoxanthin could improve the integrity and stability of BBB.

Figure 3. Fucoxanthin suppressed TBI-induced endothelial cell apoptosis

(A and B) TUNEL staining was used to examine the percentage of TUNEL+ and CD31+ cells at 3 days after TBI and fucoxanthin i.c.v. injection.

(C–E) Western blot assay for the expression of Bax and Bcl-2 in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection.

(F and G) Western blot assay for the expression of cleaved caspase-3 in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection. n = 3 per group.

Data were presented as mean G SD; ***p < 0.001 versus sham group; ###p < 0.001 versus TBI + vehicle group. Scale bar of TUNEL staining: 20 mm b-actin was

used as a loading control.
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Then, to understand the effects of fucoxanthin on bEnd.3 cell apoptosis, we applied TUNEL staining. Figure 9E showed that compared to

the control cells, the TUNEL-positive cells were significantly increased after TBI.When cells were treatedwith fucoxanthin, the TUNEL-positive

cells were decreased (Figure 9E).

Wenextanalyzed theexpressionof cleavedcaspase-3,ACSL4, PINK1andLC3byWesternblot.We foundthat compared to thecontrol cells,

the expression of cleaved caspase-3 (Figures 9F and 9G), ACSL4 (Figures 9H and 9I), PINK1 (Figures 9J and 9K) and LC3-II (Figures 9L and 9M)

was increased in the damaged cells. Fucoxanthin treatment reduced the expression of cleaved caspase-3 (Figures 9F and 9G) and ACSL4

(Figures9Hand9I) but further increased theexpressionofPINK1 (Figures9J and9K) andLC3-II (Figures9L and9M). These resultsdemonstrated

Figure 4. Fucoxanthin inhibited TBI-induced iron accumulation and mitochondrial damage in endothelial cells

(A and B) Perls’ DAB staining was used to assay iron accumulation at 3 days in endothelial cells after TBI and fucoxanthin i.c.v. injection.

(C) Western blot assay for the expression of TfR and Ft in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection.

(D) Western blot assay for the expression of Fpn-1 in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection.

(E) TEM photomicrographs of mitochondria at 3 days after TBI and fucoxanthin i.c.v. injection. n = 3 per group.

Data were presented as mean G SD; ***p < 0.001 versus sham group; ###p < 0.001 versus TBI + vehicle group. Scale bar: 20 mm b-actin was used as a loading

control.
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that fucoxanthin increased cell viability,maintainedBBB integrity, suppressed apoptosis, decreased ferroptosis, and activatedmitophagy after

TBI in vitro. However, whenmitophagy was inhibited byMdivi-1, the protection of fucoxanthin on cell death was partly attenuated (Figures 9N

and 9O), demonstrating that fucoxanthin provided protective effects in bEnd.3 cells partly through the activation of mitophagy after TBI.

DISCUSSION

To the best of our knowledge, this is the first study examining the effects of fucoxanthin on BBB function in TBI. The main findings were as

follows: (1) Fucoxanthin improved neurological function, decreased cerebral edema, attenuated lesion volume and reduced dendrites loss

after TBI. (2) Fucoxanthin suppressed TBI-induced BBB disruption. (3) Fucoxanthin inhibited apoptosis and ferroptosis in ECs after TBI. (4)

Fucoxanthin activated mitophagy in ECs after TBI. (5) Inhibition of mitophagy reversed the protection of fucoxanthin on BBB after TBI.

BBB is a highly selective interface between the blood and brain parenchyma. The damage of BBB can led to brain edema, high intracranial

pressure and neurologic deficits after TBI.24 ECs are central to the barrier properties of BBB. These cells have an apical domain and a baso-

lateral domain, and are tightly boundwith junctional proteins such as TJs andAJs.25 TJs are located in the apical part of paracellular space and

contain cytoplasmic proteins (ZO-1) and transmembrane proteins (occludin, claudin-5).26 TJ proteins are responsible for closing the intercel-

lular cleft, thus preventing free exchange between theCNS and vasculature.10 AJs are located at the basolateral part of paracellular space and

compose of cadherin, integrin and their associated proteins.27 VE-cadherin as an AJ protein can regulate TJ adhesion and stability, thus

contributing to the maintenance of TJ organization.28 Both TJs and AJs are the molecular basis of BBB damage. For example, in respond

to TBI, the destruction of TJ proteins such as ZO-1, occludin, claudin-5, and AJ proteins such as b-catenin were the main factor causing

BBB damage. However, the damage of BBB could be reversed by the treatment of basic fibroblast growth factor (bFGF).29 Furthermore,

in humanBMECs exposed to hypoxia, the treatment of recombinant tissue inhibitor ofmetalloproteinase-1 (rTIMP1) up-regulated the expres-

sion of TJ proteins ZO-1, occludin, claudin-5, andAJ protein VE-cadherin, therefore alleviating TBI-induced loss of junctional proteins.30 In the

present study, we examined the changes of TJ proteins (ZO-1, occludin, claudin-5) and AJ protein (VE-cadherin) after TBI. Our results showed

that the expression of ZO-1, occludin, claudin-5, and VE-cadherin was down-regulated at 3 days after TBI, while the treatment of fucoxanthin

up-regulated the expression of these proteins. Moreover, the protection of BBB by fucoxanthin was further confirmed with EB dye extrava-

sation, suggesting that fucoxanthin suppressed junctional proteins loss and BBB permeability after TBI. In the present study, we found that

fucoxanthin could inhibit TBI-induced behavioral changes at least after 20 days after injury. However, we evaluated the protection of fucoxan-

thin against BBB damage at 3 days after TBI. BecauseWei et al. have proposed that BBB damage began to increase at 3 h post-TBI, peaked at

3 days, and decreased gradually while remaining higher than sham injury animals at 7 and 30 days.31 Besides, many studies also examined the

BBB damage after TBI at 3 days.22,32,33 Therefore, although fucoxanthin could provide continuous neuroprotection after TBI as shown by

behavioral tests, we examined the protective effects of fucoxanthin on BBB damage at its peak time after TBI.

Figure 5. Fucoxanthin inhibited TBI-induced endothelial cell oxidative damage

(A and B) MDA levels (A) and Gpx activity (B) were evaluated by ELISA at 3 days after TBI and fucoxanthin i.c.v. injection.

(C) Representative images of IF staining for 8-OHdG+ and CD31+ cells at 3 days after TBI and fucoxanthin i.c.v. injection. n = 3 per group.

Data were presented as mean G SD; ***p < 0.001 versus sham group; ##p < 0.01, ###p < 0.001 versus TBI + vehicle group. Scale bar: 20 mm.
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MMP-9 has been identified as an important signaling protease that modulated the inflammatory response and contributed to the wound

healing process.34 The up-regulation of MMP-9 was correlated with the increase of BBB permeability and decrease of BBB integrity.19 In addi-

tion, the induction of MMP-9 after TBI could degrade junctional proteins and lead to the BBB disruption, neuronal apoptosis and infarct vol-

ume development.35 Our data demonstrated that the levels of MMP-9 were increased after TBI, while the treatment of fucoxanthin signifi-

cantly inhibited the levels of MMP-9. However, further studies were needed to explore whether fucoxanthin prevented the activation

of MMP-9.

The disruption of junctional proteins by TBI could cause ECs damage, eventually leading to ECs apoptosis.36 Apoptosis is a form of pro-

grammed cell death (PCD) that occurs in multicellular organisms.37 Under physiological conditions, apoptosis plays an important role in the

development by eliminating unnecessary and unhealthy cells. However, under pathological conditions, accelerated apoptosis can cause

neurodegenerative diseases or ischemic damage.37 Apoptosis can be divided into two pathways: the mitochondria-dependent pathway

(the intrinsic pathway) and the death receptor-dependent pathway (the extrinsic pathway).38 Bcl-2 and its family members are required for

the mitochondria-dependent pathway. Bcl-2, together with Bax, modifies mitochondrial damage, which releases cytochrome c into the cyto-

plasm and activates cellular caspases, especially the executor caspase-3.32 In our study, we found an increased TUNEL/CD31 double-positive

cells after TBI. However, the administration of fucoxanthin reduced TUNEL/CD31 double-positive cells. Combined with the results of

decreased bEnd.3 cell death after fucoxanthin treatment, we concluded that fucoxanthin attenuated ECs damage after TBI. Furthermore,

our Western blot data also detected a decline of Bcl-2 and activation of Bax and caspase-3 after TBI, while the treatment of fucoxanthin

increased the ratio of Bcl-2/Bax and decreased the expression of cleaved caspase-3, indicating that fucoxanthin suppressed cell apoptosis

after TBI. However, it was not known whether fucoxanthin inhibited TBI-induced apoptosis in ECs or neurons, further studies were needed to

explained it.

Certainly, cells includingBMECswould die in the core region of TBI, where tissue primary received physical damage.However, BBBdisrup-

tion in the penumbra region of TBI was largely due to the transient hyperpermeability of BMECs, but not accompanied with the cell

death.11,39,40 Because the transient hyperpermeability was mediated by neuroinflammation and oxidative stress, suppression of the hyper-

permeability of BBB was thought to an effective target for TBI therapeutics.41 In the present study, we measured EB leakage and brain water

content in the cerebrum and brain hemispheres, respectively, which means that the results mainly reflect BBB disruption in the penumbra

region. However, our study lacked consideration of BBB disruption without death BMECs, further studies were needed to examined it.

Growing evidence have indicated that ferroptosis promoted the pathological occurrence and development of TBI. For example, Wang

et al. proposed that repetitive mild traumatic brain injury (rmTBI) induced time-dependent alterations in ferroptosis-related markers, such

as abnormal iron metabolism, inactivated GPx, decreased GPX4 levels and increased LPO levels. Furthermore, the treatment of

Figure 6. Fucoxanthin decreased the expression of ferroptosis-related proteins in endothelial cells

(A) Representative images of IF staining for ACSL4+ and CD31+ cells at 3 days after TBI and fucoxanthin i.c.v. injection.

(B) Representative images of IF staining for GPX4+ and CD31+ cells at 3 days after TBI and fucoxanthin i.c.v. injection. n = 3 per group.

Data were presented as mean G SD; ***p < 0.001 versus sham group; ###p < 0.001 versus TBI + vehicle group. Scale bar: 20 mm b-actin was used as a loading

control.
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Figure 7. Fucoxanthin activated mitophagy in endothelial cells after TBI

(A) Representative images of IF staining for LC3+ and CD31+ at 3 days after TBI and fucoxanthin i.c.v. injection.

(B) TEM photomicrographs of autophagic vacuoles containing cellular material or organelle at 3 days after TBI and fucoxanthin i.c.v. injection.

(C and D) Western blot assay for the expression of PINK1 and Parkin in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection.

(E and F) Western blot assay for the expression of TOMM20 in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection.

(G and H) Western blot assay for the expression of LC3 in the ipsilateral cortex at 3 days after TBI and fucoxanthin i.c.v. injection. n = 3 per group.

Data were presented as mean G SD; ***p < 0.001 versus sham group; ###p < 0.001 versus TBI + vehicle group. Scale bar: 20 mm b-actin was used as a loading

control.
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mesenchymal stromal cells (MSCs) significantly suppressed rmTBI-mediated ferroptosis.42 Moreover, Zhang et al. found that in a mouse

TBI model, the activation of Netrin-1 (NTN1) by NTN1 recombinant decreased the MDA and LPO levels, attenuated the mitochondria

shrinkage and up-regulated the GPX4 expression after controlled cortical impact (CCI). However, knockdown of GPX4 counteracted

the effects of NTN1 recombinant.43 Ferroptosis is a new non-necrotic and non-apoptotic PCD that kills cells through iron-dependent

LPO. The critical pathological mechanisms of ferroptosis have been implicated as iron accumulation, LPO production and oxidative dam-

age.44 Therefore, in the present study, we wondered whether fucoxanthin protected BBB against TBI by the inhibition of ferroptosis. We

Figure 8. Suppression of mitophagy reversed the inhibitory effects of fucoxanthin on neurological deficit, brain edema, BBB damage, apoptosis and

ferroptosis

(A) NSS was evaluated at 3 days after TBI, fucoxanthin i.c.v. injection and inhibition of mitophagy.

(B) Brain water content was examined at 3 days after TBI, fucoxanthin i.c.v. injection and inhibition of mitophagy.

(C and D) Representative images (C) and quantitative analysis (D) of the effect of fucoxanthin on EB leakage at 3 days after TBI, fucoxanthin i.c.v. injection and

inhibition of mitophagy.

(E) Representative images of IF staining for TUNEL+ and CD31+ cells at 3 days after TBI, fucoxanthin i.c.v. injection and inhibition of mitophagy.

(F) Representative images of IF staining for ACSL4+ and CD31+ cells at 3 days after TBI, fucoxanthin i.c.v. injection and inhibition of mitophagy. n = 3 per group.

Data were presented as mean G SD; ##p < 0.01, ###p < 0.001 versus TBI + vehicle group; & p < 0.05, && p < 0.01, &&& p < 0.001 versus TBI + fucoxanthin group.

Scale bar: 20 mm.
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found that fucoxanthin suppressed iron accumulation in ECs as confirmed by Perls’ DAB staining. LPO produces a wide variety of oxidation

product. Among them, MDA is widely studied as biomarkers of LPO. Furthermore, GPx is the antioxidant enzyme that transforms perox-

ides into innocuous substances.45 Thus, we evaluated the LPO levels by analysis of MDA and GPx. We found that TBI increased the level of

MDA and decreased the level of GPx. While the treatment of fucoxanthin down-regulated the MDA level, up-regulated the GPx level and

rebalanced the oxidative-antioxidant system. It has been shown that oxidative damage can occur in respond to DNA damage.46 8-OHdG is

the modified base of DNA. In nuclear and mitochondrial DNA, 8-OHdG is the result of oxidative DNA damage when deoxyguanosine, a

component of DNA, is oxidized.47 In our study, we also found that fucoxanthin attenuated TBI-induced oxidative DNA damage in ECs as

evidenced by 8-OHdG/CD31 double staining.

The typical morphological changes of ferroptosis includes a decrease in mitochondrial volume and mitochondrial cristae, and an increase

in mitochondrial membrane density.48 Moreover, ferroptosis can be regulated by ACSL4 and GPX4. ACSL4 is an enzyme that facilitates free

Figure 9. Fucoxanthin protected bEnd.3 cells from TBI

(A and B) bEnd.3 cells were subjected to scratch injury and then treated with 10 mMof fucoxanthin or DMSO for 3 days. The TB staining (A) and LDH release assay

(B) were used to evaluate cell viability.

(C) TEER detected the BBB tightness at 3 days in all groups.

(D) Measurement of the levels of g-GT at 3 days after TBI and fucoxanthin treatment.

(E) Representative images of TUNEL staining for bEnd.3 cells at 3 days in all groups.

(F and G) Western blot assay for the expression of cleaved caspase-3 in bEnd.3 cells at 3 days after TBI and fucoxanthin treatment.

(H and I) Western blot assay for the expression of ACSL4 in bEnd.3 cells at 3 days after TBI and fucoxanthin treatment.

(J and K) Western blot assay for the expression of PINK1 in bEnd.3 cells at 3 days after TBI and fucoxanthin treatment.

(L and M) Western blot assay for the expression of LC3 in bEnd.3 cells at 3 days after TBI and fucoxanthin treatment.

(N andO) The TB staining (N) and LDH release assay (O) were used to evaluate cell viability in bEnd.3 cells at 3 days after TBI, fucoxanthin treatment and inhibition

of mitophagy. n = 3 per group.

Data were presented as meanG SD; ***p < 0.001 versus control group; ##p < 0.01, ###p < 0.001 versus TBI + DMSOgroup; && p < 0.01, &&& p < 0.001 versus TBI +

fucoxanthin group. Scale bar: 20 mm b-actin was used as a loading control.
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polyunsaturated fatty acids (PUFAs) to synthesize PUFA-phosphatidylethanolamines, which are unstable and prone to LPO.49 GPX4 is a sig-

nificant antioxidant enzyme that modulates ferroptosis by protecting cells from LPO. When GPX4 is inhibited, ferroptosis will be triggered as

the lethal amount of LPO accumulation.50 Recently, both ACSL4 and GPX4-regulated ferroptosis has been found to participate in the path-

ological processes of CNS injuries. For example, in a mouse cerebral ischemia-reperfusion (I/R) injury model, the administration of baicalein

inhibited the ferroptosis by the inhibition of ACSL4 and activation of GPX4.51 Besides, in a rat SAHmodel, the treatment of puerarin decreased

the expression of ACSL4, increased the expression of GPX4 and alleviated the iron concentration in the ipsilateral hemisphere after SAH.52 In

our study, we found that the ferroptosis-related markers such as ACSL4, GPX4 were changed in ECs after TBI. However, these changes were

reversed by fucoxanthin, suggesting that fucoxanthin inhibited TBI-induced EC ferroptosis. In the present study, our Western blot data

showed that fucoxanthin reduced iron uptake and storage, and promoted iron export after TBI, thus improving ironmetabolismdisturbances.

Besides, our TEM analysis demonstrated that the mitochondrial morphology was changed after TBI, which was maintained by fucoxanthin

treatment. These results indicated that fucoxanthin attenuated the iron accumulation and mitochondria damage caused by TBI. However,

it is not known whether the accumulation of iron and the damage of mitochondria was in the ECs or in the neurons, further studies were

needed to explored it.

Mitophagy is a crucial process of removing undesired and damagedmitochondria to adjust their number andmaintain a balanced energy

metabolism, which impacts various physiological and pathological courses in the brain.53 Recently, the crosstalk between mitophagy,

apoptosis and ferroptosis has been confirmed. Cui et al. reported that in intervertebral disc degeneration (IDD) models, the administration

of VO-OHpic suppressed apoptosis and ferroptosis, and activated mitophagy through the Nrf2/HO-1 pathway. While the inhibition of mi-

tophagy by Nrf2-siRNA reversed the preventative effects of VO-OHpic on apoptosis and ferroptosis.54 Moreover, in mouse and neuron

TBI models, the administration of human umbilical cordmesenchymal stem cell (HucMSC)-derived exosome inhibited TBI-induced apoptosis

and ferroptosis. In addition, HucMSC-derived exosome activated PINK1/Parkin pathway-mediated mitophagy after TBI. However, the pro-

tection of HucMSC-derived exosome on apoptosis and ferroptosis was attenuated when mitophagy was inhibited and PINK1 was knock-

down.23 Consistent with these results, the present study indicated that mitophagy was activated in ECs after TBI. Suppression of mitophagy

by Mdivi-1 reversed the inhibitory effects of fucoxanthin on TBI-induced BBB damage, EC apoptosis and ferroptosis. These data indicated

that fucoxanthin prevented TBI-induced BBB disruption by enhancing mitophagy. However, our results were contrary to the findings discov-

ered by Wu et al., they suggested that the treatment of Mdivi-1 could improve TBI-induced injuries to the BBB and relieve cell death by sup-

pressing mitophagy.55,56 The discrepancies may be due to the different TBI model used in these two studies. In our study, we used a CCI

model, while in the study conducted by Wu et al., they used a weight-drop model. Depending on different TBI models, mitophagy and

cell death can have inhibitory, additive or even synergistic effects. Therefore, in the present study, mitophagy activation might be a potential

neuroprotective mechanism of fucoxanthin in TBI model.

Limitations of the study

However, there were some limitations in our study. Firstly, multiple cells such as neurons,microglia, astrocytes and pericytes could be affected

by fucoxanthin after TBI. Therefore, whether fucoxanthin produced anti-TBI effects via acting on BBB injury or via neurons, microglia, astro-

cytes or pericytes was explained in our study. Secondly, fucoxanthin owned a variety of properties such as the regulation of oxidative stress.

Thus, it should be clarified that whether the protection of fucoxanthin on BBB after TBI was contributed to other properties. Thirdly, themech-

anism of fucoxanthin was not fully disclosed. We only showed a series of data regarding the phenotypic consequences of fucoxanthin treat-

ment under TBI. However, how fucoxanthin exerted these effects, such as inducing mitophagy, was not explained. Fourthly, we only used

Mdivi-1 to investigate the involvement of mitophagy in the anti-TBI effects of fucoxanthin, more tool drugs or genetic tools should be

used to prove that fucoxanthin attenuated endothelial impairments and BBB destruction via activating the PINK1/Parkin pathway-mediated

mitophagy. Fifthly, further studies were required to investigate whether the administration of fucoxanthin in different time courses might pro-

vide better protection against TBI-induced BBB damage.
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7. Aragón-González, A., Shaw, P.J., and
Ferraiuolo, L. (2022). Blood-Brain Barrier
Disruption and Its Involvement in
Neurodevelopmental and
Neurodegenerative Disorders. Int. J. Mol.
Sci. 23, 15271. https://doi.org/10.3390/
ijms232315271.

8. Yang, X., and Chen, X. (2022). The Crosstalk
between the Blood-Brain Barrier Dysfunction
and Neuroinflammation after General

Anaesthesia. Curr. Issues Mol. Biol. 44, 5700–
5717. https://doi.org/10.3390/
cimb44110386.

9. Zlokovic, B.V. (2008). The blood-brain barrier
in health and chronic neurodegenerative
disorders. Neuron 57, 178–201. https://doi.
org/10.1016/j.neuron.2008.01.003.

10. Zhang, L., Bai, W., Sun, L., Lin, Y., and Tian, M.
(2023). Targeting Non-Coding RNA for CNS
Injuries: Regulation of Blood-Brain Barrier
Functions. Neurochem. Res. 48, 1997–2016.
https://doi.org/10.1007/s11064-023-03892-1.

11. Li, W., Cao, F., Takase, H., Arai, K., Lo, E.H.,
and Lok, J. (2022). Blood-Brain Barrier
Mechanisms in Stroke and Trauma. Handb.
Exp. Pharmacol. 273, 267–293. https://doi.
org/10.1007/164_2020_426.

12. Nagata, K., Takatani, N., Beppu, F., Abe, A.,
Tominaga, E., Fukuhara, T., Ozeki, M., and
Hosokawa, M. (2022). Monocaprin Enhances
Bioavailability of Fucoxanthin in Diabetic/
Obese KK-A(y) Mice. Mar. Drugs 20, 446.
https://doi.org/10.3390/md20070446.

13. Kim, S.K., and Pangestuti, R. (2011). Biological
activities and potential health benefits of
fucoxanthin derived from marine brown
algae. Adv. Food Nutr. Res. 64, 111–128.

ll
OPEN ACCESS

iScience 26, 108270, November 17, 2023 13

iScience
Article

https://doi.org/10.1016/j.isci.2023.108270
https://doi.org/10.1155/2022/7792791
https://doi.org/10.1155/2022/7792791
https://doi.org/10.1016/j.neuroscience.2022.02.003
https://doi.org/10.1016/j.neuroscience.2022.02.003
https://doi.org/10.7150/ijms.80942
https://doi.org/10.1155/2022/1015791
https://doi.org/10.1155/2022/1015791
https://doi.org/10.1007/s10787-022-01017-8
https://doi.org/10.1007/s00259-022-05997-1
https://doi.org/10.1007/s00259-022-05997-1
https://doi.org/10.3390/ijms232315271
https://doi.org/10.3390/ijms232315271
https://doi.org/10.3390/cimb44110386
https://doi.org/10.3390/cimb44110386
https://doi.org/10.1016/j.neuron.2008.01.003
https://doi.org/10.1016/j.neuron.2008.01.003
https://doi.org/10.1007/s11064-023-03892-1
https://doi.org/10.1007/164_2020_426
https://doi.org/10.1007/164_2020_426
https://doi.org/10.3390/md20070446


https://doi.org/10.1016/B978-0-12-387669-0.
00009-0.

14. Zhao, X., Gao, L., and Zhao, X. (2022). Rapid
Purification of Fucoxanthin from
Phaeodactylum tricornutum. Molecules 27,
3189. https://doi.org/10.3390/
molecules27103189.

15. Lau, T.Y., and Kwan, H.Y. (2022). Fucoxanthin
Is a Potential Therapeutic Agent for the
Treatment of Breast Cancer. Mar. Drugs 20,
370. https://doi.org/10.3390/md20060370.

16. Bae, M., Kim, M.B., and Lee, J.Y. (2022).
Fucoxanthin Attenuates the Reprogramming
of Energy Metabolism during the Activation
of Hepatic Stellate Cells. Nutrients 14, 1902.
https://doi.org/10.3390/nu14091902.

17. Zhang, X.S., Lu, Y., Tao, T.,Wang, H., Liu, G.J.,
Liu, X.Z., Liu, C., Xia, D.Y., Hang, C.H., and Li,
W. (2020). Fucoxanthin Mitigates
Subarachnoid Hemorrhage-Induced
Oxidative Damage via Sirtuin 1-Dependent
Pathway. Mol. Neurobiol. 57, 5286–5298.
https://doi.org/10.1007/s12035-020-02095-x.

18. Zhang, L., Wang, H., Fan, Y., Gao, Y., Li, X.,
Hu, Z., Ding, K., Wang, Y., and Wang, X.
(2017). Fucoxanthin provides
neuroprotection in models of traumatic brain
injury via the Nrf2-ARE and Nrf2-autophagy
pathways. Sci. Rep. 7, 46763. https://doi.org/
10.1038/srep46763.

19. Wu, M., Gong, Y., Jiang, L., Zhang, M., Gu, H.,
Shen, H., and Dang, B. (2022). VEGF regulates
the blood-brain barrier through MMP-9 in a
rat model of traumatic brain injury. Exp. Ther.
Med. 24, 728. https://doi.org/10.3892/etm.
2022.11664.

20. Bechinger, P., Serrano Sponton, L., Grützner,
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

The study protocol of animals was approved by Institutional Review Board of Jinling Hospital (Ethical approval number: 2022DZGKJDWLS-

00153). This study was carried out in accordancewith the principles of the Basel Declaration and recommendations of the National Institute of

Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978). Male ICR mice (28–32 g) were obtained

from Animal Center of Jinling hospital. Mice were housed on a 12 h light/dark cycle at 23 G 1�C with free access to food and water.

Cell lines

The bEnd.3 cells, immortalized mouse brain microvascular endothelial cell (BMEC) line, was purchased from American Type Culture Collec-

tion (ATCC) and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco, New York,

United States) and streptomycin/penicillin. The bEnd.3 cells were maintained at 37�C on 5% CO2 incubator.

METHOD DETAILS

TBI models

The in vivo (mouse) TBI model was performed using a Controlled Cortical Impact (CCI) model according to our previous study.23 Mice were

anesthetized with 3% isoflurane and subsequently placed on the stereotaxic apparatus. The area to be impacted lies on the right frontal skull

(2.5 mm lateral to the midline and 0.5 mm anterior to bregma). Then mice were subjected to cortical contusion injury by a 3.0 mm rounded

impactor tip (piston velocity: 3.5 m/s; deformation depth: 1.5 mm, dwell time: 150 ms). The sham-injured mice underwent the same proced-

ures, but did not undergo CCI. The in vitro (bEnd.3 cells) TBI model was conducted using a mechanical stretch injury model according to

previous studies.22,57 Stretch-induced bEnd.3 cell injury was used to simulate cellular mechanical injury during CCI in the present study.

For mechanical stretch injury experiments, bEnd.3 cells were seeded (0.5*105/cm2) onto BioFlex 6-well culture plates with collagen-coated

Silastic membranes (Flexcell International Corp, Burlington, NC, USA). After the cells were grown to confluence, a Cell Injury Controller II sys-

tem (Virginia Commonwealth University, Richmond, VA, USA) was applied to generate a biaxial stretch on the cells in the plate. A 50 ms burst

of nitrogen gas was released to produce a 7.5 mm downward deformation of the Silastic membrane and adherent cells, analogous to the

mechanical stress exerted on brain tissue as previously reported.57

Experimental design

The design of our experiment was shown in Figure S1. Fucoxanthin (Sigma-Aldrich, St.Louis, Mo, USA; catalog number: F6932) was single

administration in our experiments. The usage anddosage of fucoxanthin used in our in vivo and in vitro studies were according to our previous

study.18 In Evans blue (EB) dye extravasation experiment, mice were randomly divided into five groups: sham, TBI, TBI + vehicle, TBI + fuco-

xanthin intragastric (i.g.) administration (100 mg/kg) and TBI+ fucoxanthin intracerebroventricular (i.c.v.) injection (0.05 mmol/L). For i.g.

administration, fucoxanthin was diluted in olive oil (1 mL/kg) immediately before use. For i.c.v. injection, fucoxanthin was prepared in saline

with 10% dimethyl sulphoxide (DMSO). Either fucoxanthin or an equal volume of vehicle was administrated 30 min after TBI. In other in vivo

studies, mice were randomly divided into four groups: sham, TBI, TBI + vehicle and TBI+ fucoxanthin i.c.v. injection (0.05 mmol/L). For in vitro

Continued
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experiments, bEnd.3 cells were divided into four groups: control, TBI, TBI + DMSO, TBI + fucoxanthin (10 mM). Fucoxanthin was first dissolved

in DMSO and then added to cultured media to reach different final concentrations.

Neurological evaluation, brain water content and lesion volume

Neurologic severity score (NSS) was used to evaluate the neurological impairment of mice at 1 day (d), 3days, 5days, 7days and 14days after

TBI. The investigators estimate the ability of mouse to perform 10 different tasks which demonstrate physiological behavior, alertness and

motor function. One point is given for failing to perform each task, thus 0 = minimum deficit and 10 =maximum deficit (Table 1).58,59 Rotarod

test was used to assess themotor coordination and balance ofmice at 1 day, 3days, 5days, 7days and 14days after TBI according to a previous

study.60 Morris water maze (MWM)61 and open field test (OFT)61 were used to assess the spatial learning, memory andmotor function of mice

at 15–21 days after TBI. All animals were subjected to behavior training for 3 days before the surgery and mice displaying abnormal behavior

were excluded. For rotarod test, mice were placed on a rod with a rotating speed increasing from 5 to 40 rpm within 300 s and the latency to

fall was recorded. Three trials were performed, and the mean latency was recorded. For MWM, mice needed to find a hidden platform in a

circular aluminum pool that was surrounded by visual cues placed at the same starting point. Trajectory and navigation parameters were re-

corded by investigators blind to the experimental groups. For OFT, the open field consisted of a square arena (1003 100 cm) with 25 squares

on the ground and a 20 cm wall around it. A camera was attached to a computer above the arena. The brain water content and lesion volume

were conducted according to our previous study.18 For brain water content, mouse brain was taken out and placed onto a cooled brainmatrix

at 3 days following TBI. The cerebellum and stemwere taken away and the ipsilateral tissue was weighed to get the wet weight (ww). Then, the

hemisphere was dried for 72 h at 80�C andweighed again to get the dry weight (dw). The brain water content equals (ww-dw)/ww3 100%. For

lesion volume, all mice were killed at 3 days after TBI. The brains were collected, post-fixed for 12 h and cryoprotected in 15% sucrose in phos-

phate buffered saline (PBS). Tissue damage was evaluated by morphometric image analysis. The brain sections that obtained at 500 mm in-

tervals spanning the length of the brain were stained with cresyl violet. The areas of the lesion, injured as well as non-injured cortex and hemi-

sphere were estimated using an image analysis system. Area measurements from each tissue section were obtained and summed, and

corresponding volumes were calculated. Lesion volume was quantitatively analyzed with Image-Pro Plus system (version 6.0) and was ex-

pressed as % (the percentage volume of the non-injured hemisphere).

Terminal deoxynucleotidyl transferase-mediated dUTP nick 30-end labeling (TUNEL) staining

For TUNEL and CD31 staining, the sections were firstly incubated with labeling solution containing TUNEL (Roche Inc., USA, catalog number:

11684817910) at 37�C for 1 h. Then, CD31 antibody (1:200; Abcam, Cambridge, MA, USA; catalog number: ab222783) and the corresponding

secondary antibody were incubated. Subsequently, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI, Beyotime Biotech-

nology, Shanghai, China; catalog number: C1002) staining was performed for 2 min to show the locations of nuclei. Finally, the sections

were observed under a fluorescence microscope (Olympus IX71, Japan). The TUNEL/CD31 double-positive cells were counted from ten

different fields in each group by Image-Pro Plus 6.0 software (Media Cybernetics, USA).

Golgi-Cox staining

The Golgi-Cox staining was performed to investigate the changes in neuronal morphology and dendritic spines after TBI using the FD Rapid

Golgi Stain Kit (FD Neuro Technologies, USA). Briefly, mice were deeply anesthetized and intracardially perfused with saline. The brains were

removed quickly and placed in a mixture of solution A and B (1:1) for 18 days in the dark at room temperature. Then, the brains were trans-

ferred into the solution C for 72 h in the dark at room temperature. All brains were then cut into 100-mm-thick frozen slices and stained ac-

cording to the manufacturer’s instructions. The images were captured by confocal microscope (LSM880, Zeiss, Germany).

Measurement of BBB permeability and integrity

BBB permeability was measured by EB dye extravasation at 3 days after TBI in vivo. Briefly, 4% EB dye (4 mL/kg) was injected to mice from the

femoral vein and allowed to circulate for 2 h. Then, the brain was perfused with saline, weighed and homogenized in a solution containing

1mL 50% trichloroacetic acid. After centrifugation at 15,000 rpm for 20min, EB absorbance of the supernatant was determined at 620 nm. The

extravasation of EB dye was expressed as micrograms per gram brain tissue according to the standard curve. BBB integrity was measured by

Trans-endothelial electrical resistance (TEER) value and g-GT activity at 3 days after TBI in vitro. TEER value of bEnd.3 cell monolayer was

analyzed using Millcell ERS-2 Voltohmmeter (Millipore, USA). Cells were and grown to monolayer at a 24-well plate and subjected to

TEER value detection as the protocols suggested by the manufacturer. Calculation formula was TEER value (U 3 cm2) = TEER (U) 3 surface

area (cm2). The resistance value (5U 3 cm2) of empty filter was subtracted from each measurement. For the measurement of g-GT activity,

bEnd.3 cells were scraped from the insert membrane, suspended in PBS and centrifuged. The precipitates were dissociated with 1% Triton

X-100 and centrifuged again. The g-GT activity in the supernatant was determined with a g-GT kit (J Nanjing Jiancheng Biochemistry Co.,

Nanjing, China; catalog number: C017-2-1).

Measurement of malondialdehyde (MDA) and glutathione peroxidase (GPx)

The injured cerebral cortex samples were homogenized in 2 mL of PBS. After centrifugation at 10,000 g for 25 min, the MDA and GPx in the

supernatant were measured using an MDA assay kit (Beyotime Biotechnology, Shanghai, China; catalog number: S0131M) and GPx assay kit
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(Beyotime Biotechnology, Shanghai, China; catalog number: S0056), and detected by a spectrophotometer according to the manufacturer’s

instructions.

Western blot analysis

Western blot analysis was performed according to our previous study.62 Proteins were separated by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE), transferred to polyvinylidene fluoride (PVDF) membranes and incubated with the following primary anti-

bodies for 24 h at 4�C: zonula occludens-1 (ZO-1) (1:1000; Cell Signaling Technology, Danvers, MA, USA; catalog number: 13663), occludin

(1:1000; Cell Signaling Technology, Danvers, MA, USA; catalog number: 91131), claudin-5 (1:1000; Cell Signaling Technology, Danvers, MA,

USA; catalog number: 49564), vascular endothelial-cadherin (VE-cadherin) (1:1000; Cell Signaling Technology, Danvers, MA, USA; catalog

number: 2500), matrix metalloproteinase-9 (MMP-9) (1:1000; Cell Signaling Technology, Danvers, MA, USA; catalog number: 13667), B-cell

lymphoma 2 (Bcl-2) (1:1000; Cell Signaling Technology, Danvers, MA, USA; catalog number: 3498), Bcl-2-associated X protein (Bax)

(1:5000; Cell Signaling Technology, Danvers, MA, USA; catalog number: 14796), cleaved caspase-3 (1:1000; Cell Signaling Technology, Dan-

vers, MA, USA; catalog number: 9661), transferring receptor (TfR) (1:1000; Abcam, Cambridge, MA, USA; catalog number: ab84036), ferritin

(Ft) (1:1000; Abcam, Cambridge, MA, USA; catalog number: ab75973), ferroportin-1 (Fpn-1) (1:1000; Abcam, Cambridge, MA, USA; catalog

number: ab58695), phosphatase and tensin homolog induced kinase 1 (PINK1) (1:1000; Abcam, Cambridge, MA, USA; catalog number:

ab216144), Parkinson protein 2 E3 ubiquitin-protein ligase (Parkin) (1:1000; Abcam, Cambridge, MA, USA; catalog number: ab77924), trans-

locase of outer mitochondrial membrane 20 (TOMM20) (1:1000; Cell Signaling Technology, Danvers, MA, USA; catalog number: 42406),

microtubule-associated protein light chain 3 (LC3) (1:1000; Novus Biological, Littleton, CO, USA; catalog number: NB600-1384) and b-actin

(1:5000; Bioworld Technology, Minneapolis, MN, USA; catalog number: AP0060). Subsequently, the membranes were incubated with corre-

sponding secondary antibodies for 2 h at room temperature. Protein signals were visualized using Chemiluminescent HRP Substrate

(WBKLS0500, Millipore) with the Tanon Image System (Tanon-1100) (S/N: 15T12NPFLI6–12,107, Tanon, Shanghai, China). All WB bands

were analyzed by ImageJ software.

Immunofluorescence (IF) staining

IF staining was performed according to our previous study.23 Briefly, the sections were incubated with the following primary antibodies over-

night in a dark place at 4�C: 8-hydroxyguanosine (8-OHdG) (1:100; Bioss, Massachusetts, Boston, USA; catalog number: bs-1278R), ACSL4

(1:200; Abcam, Cambridge, MA, USA; catalog number: ab155282), GPX4 (1:200; Abcam, Cambridge, MA, USA; catalog number:

ab125066) and LC3 (1:200; Novus Biological, Littleton, CO, USA; catalog number: NB600-1384). Subsequently, the sections were incubated

with anti-CD31 antibody (1:200; Abcam, Cambridge, MA, USA; catalog number: ab222783) under similar conditions. After washing three

times with PBS, the sections were incubated with the corresponding secondary antibodies for 1 h in a dark place at room temperature. Finally,

the sections were stained with DAPI for 2 min to show the locations of nuclei. We imaged the fluorescently stained cells via Olympus IX71

inverted microscope system and analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD).

Perls’ diaminobenzidine (DAB) staining

The injured cerebral cortex samples were fixed with 4% paraformaldehyde for 48 h and embedded in paraffin. Samples were cut into 4 mm

thick slices for using a Perls’ DAB stain kit (ChemicalBook, Beijing, China; catalog number: CB25533488) according to the manufacturer’s in-

structions. In short, after dewaxing, staining and color development, the sections were mounted in glycerinum. Finally, six pictures (400 3)

from each section were taken and quantitation using Image-Pro Plus system.

Transmission electron microscope (TEM)

TEM was used to identify mitochondrion and autophagosome as previously described.23 Briefly, at 3 days after TBI, mice were killed and

perfused with 2.5% buffered glutaraldehyde. The specimens were collected and fixed in glutaraldehyde with a 1% (w/v) solution of osmium

tetroxide. The fixed specimens were then embedded, sectioned, double stained with lead citrate and uranyl acetate, observed under a TEM

JEM-1011 (JEOL, Japan).

Cell viability analysis

To analyze the cell viability of bEnd.3 cells, we used trypan blue (TB) staining and lactate dehydrogenase (LDH) assay.62 For TB staining, cells

were stained by 0.4% TB (Beyotime Biotechnology, Shanghai, China; catalog number: ST798) after treatment. Stained cells were considered

as dead while unstained cells were considered as viable. The number of TB-positive cells and total cell number were counted. Survival value

equals = (number of stained cells/number of total cells)3 100%. In addition, an LDH cytotoxicity assay kit (BeyotimeBiotechnology, Shanghai,

China; catalog number: C0016) was used to confirm the results of TB staining. In brief, cells were treated with LDH release agent and the cul-

turemediumwas centrifuged. The supernatant was further collected to evaluate the activity of LDH. TheOD value at 490 nmwas analyzed by a

spectrophotometer. The percentage of damaged cells (%) = (OD490exosomemple – OD490media)/(OD490maximum – OD490media) 3 100%.

OD490maximum = cells treated with LDH release agent and OD490media = only media without any cells.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed with SPSS 19.0 (SPSS Inc., Chicago, IL). The Shapiro-Wilk test was used to confirm whether the data fit a

normal distribution. Data were summarized as meanG SD (normally distributed) or median (non-normally distributed). For normally distrib-

uted data, one-way analysis of variance (ANOVA) followed by Tukey’s test was used for multiple group comparisons. The least significant dif-

ference (LSD) post hoc test was used to determine statistical differences between groups. Statistical differences between the two groups were

compared using Student’s t test. For data that did not conform to a normal distribution, comparisons between groups were made using the

Mann-Whitney U test. A value of p < 0.05 was considered statistically significant.
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