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(-)-Epigallocatechin-3-gallate provides neuroprotection via AMPK
activation against traumatic brain injury in a mouse model
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Abstract
Traumatic brain injury (TBI) is a leading cause of death and disability worldwide. (-)-Epigallocatechin-3-gallate (EGCG) has
shown robust neuroprotective effects on various brain injurymodels in rodents. Herein, we aimed to investigate if EGCG protects
against TBI and unravel the underlying mechanisms. A total of 102 mice were used for this study. TBI was induced by controlled
cortical impact (CCI). EGCG was given immediately after TBI injury. Neurological functions were accessed by corner test, paw
placement, modified neurological severity score, rotarod test, and Morris water maze test. AMPK inhibitor and AMPKα1-
knockout mice were used to further study the signaling pathways involved in the observed effects. Our results show that
EGCG significantly ameliorated CCI-induced neurological impairment, including spatial learning and memory. EGCG sup-
pressed CCI-induced inflammation and oxidative stress. Furthermore, EGCG downregulated the phosphorylation of IKKα/β,
IκBα, and nuclear translocation of NF-κB p65; upregulated AMPK phosphorylation; and altered corresponding changes in the
phosphorylation of the downstream target’s ribosomal protein S6, AS160, and CaMKKß. Our data demonstrate that EGCG
protects against CCI-induced TBI through the activation of the AMPK pathway in mice, suggesting that EGCG might be a
promising therapeutic intervention preventing locomotor and cognitive impairments after TBI.
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Introduction

Traumatic brain injury (TBI) causes long-term disability and
death for millions. It remains an enormous societal and eco-
nomic burden (Maas et al. 2017). Two stages of brain injuries,
primary and secondary brain injuries, are classified in TBI
(Kaur and Sharma 2018; Pearn et al. 2017; Pushkarna et al.
2010). Of which, primary injury is caused at the time of the
initial damage force, including tissue destruction and distor-
tion in the early post-injury period. Secondary injury occurs
from hours to days to months after the initial trauma. It is the
result of disturbance of brain and systemic physiology follow-
ing the traumatic event, such as the formation of cerebral

edema, intracranial hematoma, depolarization, excitotoxicity,
metabolic abnormalities, and disruption of the blood-brain
barrier. Since very few can be done to influence the primary
injury, traditional treatment strategies mainly focused on the
intervention of secondary brain injuries. However, many po-
tential therapeutics that are effective in preventing secondary
injuries in TBI animal models have failed in phase III clinical
trials (Loane and Faden 2010). One of the important reasons is
that the exact secondary injury mechanism of TBI remains
unclear (Khan et al. 2018; Liu et al. 2018a).

Epigallocatechin gallate ((-)-epigallocatechin-3-gallate,
EGCG), the main catechol component extracted from green
tea, has been reported to have a variety of biological activities,
such as anti-carcinogenic activity (Lecumberri et al. 2013; Li
et al. 2018), lowering blood cholesterol (Ikeda 2008), angio-
genesis (Kondo et al. 2002; Tang et al. 2003), anti-oxidation
(Ding et al. 2018; Meng et al. 2008; Nagai et al. 2002), and
anti-inflammatory (Chu et al. 2017; Tedeschi et al. 2004).
EGCG has also been found to be neuroprotective in neurode-
generative diseases including Alzheimer’s disease and
Parkinson’s disease (Ehrnhoefer et al. 2008; Ide et al. 2018).
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Since inflammatory reaction, oxidative stress, and cellular en-
ergy metabolism disorders caused by mitochondrial dysfunc-
tion are included in the TBI secondary injury, the present
study aims to investigate if EGCG exhibits beneficial effects
against TBI.

It has been reported that EGCG promotes the production of
neural stem cells around injured tissues impaired by a pneu-
matic controlled injury device (Itoh et al. 2012). Recently, four
TBI models are widely used in research: fluid percussion in-
jury (FPI), controlled cortical impact (CCI) injury, weight-
drop impact acceleration injury, and blast injury (Xiong
et al. 2013). EGCG was also reported to inhibit the production
of nitric oxide, which is the indicator of enhanced oxidation in
injured brain tissue (Ding et al. 2018). However, no clear
unde r ly ing mechan i sms were documen ted ye t .
Mitochondrial dysfunction is an important downstream cas-
cade reaction of TBI (Scheff and Ansari 2017). Themitochon-
dria are involved in intracellular energy metabolism, and 5′
adenosine monophosphate‑activated protein kinase (AMPK)
is a major sensor of energymetabolism (Harun-Or-Rashid and
Inman 2018). In addition, AMPK is an important serine/
threonine kinase; the activation of AMPK and its downstream
signaling pathways can effectively inhibit inflammatory re-
sponses (Briones et al. 2013; Harun-Or-Rashid and Inman
2018). Previous studies suggest that EGCG is an AMPK ac-
tivator (Briones et al. 2013). Therefore, we hypothesize that
EGCG is potent to protect against TBI. The aim of this study
is to investigate whether EGCG protects against TBI and elu-
cidate the underlying molecular mechanisms.

Material and methods

Animals

One hundred two male C57BL/6 mice (8 weeks old),
AMPKα1flox/flox mice, and RosaCre-ER mice were purchased
from Nanjing Model Animal Institute (Nanjing, China). All
animals were housed and bred with open access to food and
water. Animals were maintained at 24 °C ± 1 °C with a stan-
dard 12-h light-dark cycle. Deletion of AMPKα1 was induced
by tamoxifen injection in AMPKα1flox/flox/RosaCre-ER mice.

CCI injury procedure and drug administration

CCI was performed as previously described (Liu et al. 2018b).
Mice were anesthetized with inhaled 3% isoflurane for induc-
tion and 1–2% for maintenance. A 10-mm midline incision
was made from the eye level to the neck level to expose the
dorsal surface of the skull. Then, a 4-mm burr hole was drilled
over the right somatosensory cortex between bregma and
lambda suture lines, without hurting the dura intact. CCI in-
jury was introduced by an impact velocity of 1.5 m/s,

deformation depth of 1.5 mm, and dwell time of 100 ms,
which was created by the Impact One™ Stereotaxic CCI
Instrument (Leica Microsystems; Germany) outfitted with a
2-mm diameter piston. After CCI, the dura was intact, and a
bone wax was used to seal the cranial opening. Sham animals
received the same operation without CCI injury. EGCG
(0.2%, w/v (%), dissolved in drinking water, which was ver-
ified effective in our pilot study (data not shown)) was provid-
ed immediately after CCI injury and accessible till the end-
point experiment. Sham-operated and controlled CCI animals
received normal drinking water. To compare EGCG effects
with 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) or metformin on AMPK phosphorylation,
500 mg/kg AICAR, 250 mg/kg metformin, or the combina-
tion was i.p. injected twice at 5 min and 24 after CCI injury
(Hill et al. 2016). Experimental procedures were shown in
schematic Fig. 1. The neurological severity score was assessed
at 1, 3, 7, and 14 days after CCI procedure; Morris water maze
test was then performed from day 14 to day 18 post-injury.
After a probe trial, all animals were euthanized. The rest of the
behavioral tests were performed 24 h after CCI. Mice were
euthanized after the behavioral tests were done to collect
blood or brain samples for further analysis. All animal proce-
dures were in accordance with the Guide for the Care and Use
of Laboratory Animals (8th edition, NIH) and approved by
The Second People’s Hospital of Hefei City.

Corner test

To detect sensorimotor and postural asymmetries, corner test
was carried out as described before (Leea et al. 2000; Yang
et al. 2016; Zhang et al. 2002). A 30° angle of the corner was
set up with two identical boards (30 × 20 cm dimension).
Animals were placed halfway to the corner between two
boards and facing the corner. When getting closer to the cor-
ner, both sides of the vibrissae were stimulated. Both right and
left turns were recorded; the percentage of right turns from ten
trials for each test was used to compare the CCI impairment.
The turns that are not incorporated into a rearing movement
were excluded.

Neurological severity score determination

Modified neurological severity score (mNSS) measures a va-
riety of basic motor reflexes and coordination tasks to test for
normal neurological function. The higher NSS indicates more
severe impairment. A modified NSS (mNSS, the maximum
score is 14) test was performed at 1, 3, 7, and 14 days after
injury/sham procedures. The following tasks were included
(Harun-Or-Rashid and Inman 2018): (1) forelimb flexion up-
on suspension by tail (score 0–3); (2) gait function when
placed on the floor (0–3); (3) posture assessment by balance
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beam test (0–6); and (4) the pinna and corneal reflexes to
evaluate reflex absence (0–2).

Rotarod test

The rotarod test provides a way to evaluate motor coordina-
tion and balance of the mice. Mice were trained in an acceler-
ated protocol (rod rotating from 0 to 40 rpm) for 3 days (three
sessions/day, 5 min/session) before CCI injury. Animals were
subjected to the rotarod test on days 1, 3, 5, 7, and 14, and the
latency to fall from the rotating rod was recorded.

Morris water maze

Spatial learning and memory were measured using the Morris
water maze (MWM) for 5 consecutive days beginning at day
14 post-CCI injury, as described before (Ding et al. 2018).
Briefly, the maze consists of a 100-cm-diameter water-tight
pool and a 10-cm-diameter transparent platform. The water
temperature was kept at 25 °C and filled to a depth of 1 cm
above the platform. Various cues were hung on the surround-
ing walls to enable the mice to identify the location of the
platform. The mice were subjected to 5 training days, each
consisting of 4 trials, and the start positions were randomly
changed each day. On each training day, the mice could swim
up to 90 s in order to find the platform. If failed, they would be
gently guided to the platform. Once on the platform, the mice
could remain there for 30 s. The platform position will remain
the same during the training sessions. On day 19 post-CCI
procedure, a probe trial was conducted in the absence of the
platform, and the mice could swim freely for 60 s. Swimming
paths were recorded by a computerized video imaging analy-
sis system (Jiliang Software Technology, Shanghai, China).
Escape latency to find the platform (training sessions), time
spent in the target quadrant, and platform crossing (probe trial)
were reported.

Paw placement test

The mice were kept immobile in a horizontal position.
Proprioceptive and tactile input was provided when the paw
lost contact with the table surface and subsequently lightly
contacting the paw with the edge of a table. The successful
paw placement onto the edge of the table was recorded.

Immunofluorescence staining

For immunofluorescence staining, mice were perfused with
saline and followed by 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS, pH 7.4). After post-fixation
in 4% paraformaldehyde and dehydration in 30% sucrose, the
brains were sliced to 30-μm serial coronal free-floating sec-
tions. Sections were washed in 0.1 M PBS and blocked for 1 h
at room temperature in 10% donkey serum blocking buffer
(0.3% Triton X-100 in 0.1 M PBS). Sections were then incu-
bated overnight at 4 °C with either one of the following pri-
mary antibodies: rabbit anti-NeuN antibody (1:50, Abcam,
Cambridge, MA, USA), rabbit anti-Iba1 antibody (1:1000,
Abcam, Cambridge, MA, USA), and rabbit anti-GFAP anti-
body (1:1000, Abcam, Cambridge, MA, USA) and diluted in
blocking buffer. After primary antibody incubations, the sec-
tions were washed in 0.1 M PBS and incubated 2 h at room
temperature with 1:300 AlexaFluor 647‑conjugated donkey
anti-rabbit antibodies (Abcam, Cambridge, MA). Sections
were then incubated in PBS with DAPI solution (1:10,000,
KeyGen Biotech, Nanjing, China) for counterstained nuclei.

Quantitative real-time polymerase chain reaction

Total RNAwas extracted from CA1 regions of the hippocam-
pus using RNeasy mini kit (Qiagen, Gaithersburg, MD) ac-
cording to the manufacturer’s instructions. In total, 0.6 μg of
total RNA was used to synthesize complementary DNA
(cDNA) with Super-Script IV first-strand synthesis kit
(Invitrogen, Waltham, MA). Quantitative real-time

Fig. 1 Schematic diagram of the
experimental design. C57BL/6
mice underwent controlled corti-
cal impact on the right cortex on
day 0. Then, the mice were sub-
jected to EGCG treatment until
the end of the experiment. A
group of tests was conducted to
check the neurological function of
the mice at the indicated time
point. Besides, the brains were
harvested post-injury for H&E
staining, immunofluorescence,
brain water content, and protein
analysis. Sham mice were sub-
jected to the same assays without
undergoing brain injury

2211Naunyn-Schmiedeberg's Arch Pharmacol (2020) 393:2209–2220

https://en.wikipedia.org/wiki/Waltham,_Massachusetts


polymerase chain reaction (qRT-PCR) was performed with
10 μl SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA), 4 μl cDNA, and 0.3 μMof each primer for a
specific target. Primers for real-time PCRwere synthesized by
Shang Hai City Liangtai Biotech (Shanghai, China). The am-
plification conditions consisted of 1 denaturation/activation
cycle at 95 °C for 10 min, followed by 45 cycles at 95 °C
for 15 s and 60 °C for 60 s. Serial dilutions of cDNA samples
were used to obtain a standard curve. The relative amount of
the target mRNA expression was calculated using SDS soft-
ware (Applied Biosystems, HT7900, CA) and normalized
with the housekeeping gene GAPDH.

Oxidative stress‑related biochemical assays

Superoxide dismutase (SOD) assay kit (WST-1 method) and
catalytic activity catalase (CAT) activity assay kit (visible
light), malondialdehyde (MDA) assay kit (TBA method),
and glutathione (GSH) assay kit (colorimetric method) were
purchased from Nanjing Jiancheng Bioengineering Institute,
Nanjing, China, and were performed according to the instruc-
tions of the manufacturer. Experiments were performed in
triplicate.

ELISA

Tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),
and interleukin-6 (IL-6) levels in blood or brain homoge-
nates were measured by ELISA according to the manu-
facturer’s instructions (R&D Systems, Minneapolis, MN,
USA). The sensitivity of the ELISA kits for TNF-α, IL-
1β, and IL-6 is 7.21 ng/l, 4.8 ng/l, and 1.8 ng/l, respec-
tively. Briefly, after preparing all reagents, standard dilu-
tions, and samples as directed in the product insert, excess
microplate strips were removed from the plate frame and
then returned to the foil pouch containing the desiccant
pack and reseal. Then 100 μl of assay diluent was added
to each well, as well as 100 μl of standard, control or
sample. The samples were covered with a plate sealer
and incubated at room temperature for 2 h. After incuba-
tion, each well was aspirated and washed by repeating the
process 3 times for a total of 4 washes. After washing, a
biotin-conjugated secondary antibody was added to each
well. Then, the samples were covered with a new plate
sealer and incubated at room temperature for 2 h, follow-
ed by aspirating and washing 4 times. After washing, a
200-μl substrate solution was added to each well. Then, it
was incubated at room temperature for 20 min. Finally,
50 μl of stop solution was added to each well. The sam-
ples were read at 450 nm within 30 min with wavelength
correction to 540 nm or 570 nm.

Measurement of O2 and H2O2

The lucigenin-enhanced chemiluminescence assay and
manifestation of MitoSOX21 were used to determine the
O2-level, and an Amplex Red Hydrogen Peroxide/
Peroxidase assay kit (Molecular Probe) was used to mea-
sure the H2O2 level in the hippocampus. Procedures were
fol lowed with the instruct ions provided by the
manufacturer.

Western blot

The brain was exposed as reported above, and then the hip-
pocampus was separated. The hippocampus lysate was ob-
tained using a Tris-glycine SDS lysis buffer (Invitrogen). To
determine the nuclear factor kappa-light-chain-enhancer of
activated B cell (NF-κB)-p65 nuclear translocation, nuclear
protein extracts were prepared using a nuclear extraction kit
(Pierce, Rockford, IL), in accordance with the manufacturer’s
instructions. Protein concentration was determined with the
bicinchoninic acid (BCA) assay kit (Thermo Fisher
Scientific). Proteins were then separated by electrophoresis
on 10–12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel (Invitrogen) and transferred onto
polyvinylidene difluoride (PVDF) membranes (Millipore,
Burlington, MA). The membranes were blocked for 1 h in a
blocking buffer containing 5% fat-free dry milk and incubated
overnight with primary antibodies at 4 °C. Then, membranes
were incubated with HRP-conjugated secondary antibody (1:
6000, KeyGen Biotech, Nanjing, China) for 1 h at room tem-
perature. GAPDH or histone H3 was used as a loading control
for whole-cell or nuclear samples, respectively. The proteins
were detected using ECL chemiluminescence (Thermo
Scientific, Waltham, WA).

Statistical analysis

Data were expressed as mean ± standard error of the mean
(SEM). Statistical significance was determined using
GraphPad Prism (version 6.0; GraphPad Software, San
Diego, CA) by one-way ANOVAwith Dunnett’s least signif-
icant difference post hoc tests or two-way ANOVA analysis
with a Bonferroni post hoc test. Differences were considered
statistically significant at p < 0.05.

Results

EGCG improves neurological function in CCI-injured
mice

Mayer’s H&E staining was performed in CCI + vehicle and
CCI + EGCG mice 7 days after CCI injury to examine the
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severity of the tissue lesion. Figure 2A indicates an obvious
cortex lesion in CCI + vehicle mice, which was alleviated by
EGCG treatment.

Corner test, paw placement, and mNSS were performed
7 days or at the indicated time after CCI injury to further
investigate the effects of EGCG on brain function recov-
ery (Fig. 2b, d). In the corner test, the chance that mice
turned right significantly increased in the CCI + vehicle
group (p < 0.01) when compared with that in the sham
group. However, EGCG administration brought it down
to the level close to that of the sham group (p < 0.01;

Fig. 2b). Paw placement data showed that mice in the
CCI + vehicle group have less paw placement score com-
pared with that in the sham group (p < 0.001). Treatment
of EGCG partially yet significantly improved the paw
placement score (Fig. 2c). The mNSS results revealed that
mice in the EGCG-treated group had significantly lower
scores at 1, 3, 7, and 14 days after CCI injury, compared
with the CCI + vehicle group (Fig. 2d). The Morris water
maze test was also performed in 5 consecutive days
2 weeks after CCI procedure. Mice in the EGCG group
used remarkably shorter time to find the platform than

Fig. 2 EGCG protects against controlled cortical impact-induced impair-
ments of neurological function. a Representative Mayer’s hematoxylin
and eosin‑stained brain sections obtained from vehicle and EGCG-treated
mice at 7 days post-traumatic brain injury (TBI) (scale bar = 2 mm). b
Corner test and c paw placement were determined at 7 days post-CCI.
EGCG treatment increased the frequency of d platform crossing and e
staying time in target quadrant in probe trial (n = 6 per group), measured
by the Morris water maze test. ***p < 0.001, **p < 0.01, *p < 0.05. f The

motor, sensory, balance, and reflex functions were evaluated by modified
neurological severity scores at 1, 3, 7, and 14 days after CCI procedure
(n = 10 per group). **p < 0.01, *p < 0.05 of CCI + EGCG vs CCI +
vehicle group. g The Morris water maze test was performed at days 14–
18 post-injury to compare cognitive changes between EGCG-treated and
CCI-operated animals (n = 10 per group). **p < 0.01, *p < 0.05 of CCI +
EGCG vs CCI + vehicle group. Data are presented as means ± SEM
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CCI-operated mice, starting from the third acquisition day
and lasting to the last day tested (Fig. 2e). In the probe
trial, mice in the CCI + vehicle group have less platform
crossing numbers and spent less time in the target quad-
rant compared with sham mice (p < 0.001, p < 0.001)
whereas EGCG treatment partially reversed the CCI-
induced changes significantly (Fig. 2f, g).

EGCG reduces neuronal death and inflammation
in mice after CCI injury

We hypothesized that EGCG could reduce neuronal death
and inflammation in the hippocampus to ameliorate CCI-
induced neurological deficits. Real-time PCR analysis
showed a markedly decrease in the NeuN mRNA expres-
sion at 7 days post-CCI injury, which was completely
restored by EGCG treatment (Fig. 3a, b). The Iba1 and
GFAP gene expression was significantly increased as a
consequence of CCI injury compared with the sham
group. However, EGCG administration downregulated
the CCI-induced Iba 1 and GFAP gene expression
(p < 0.001, p < 0.001; Fig. 3a, b). Immunofluorescence
staining in mice hippocampus also revealed similar results
(Fig. 3c, d). Less NeuN-positive stained cells were shown
in the CCI group compared with those in the sham group;

Iba1- and GFAP-positive staining were detected more as
well upon CCI injury. EGCG treatment notably enhanced
NeuN-positive cells and decreased Iba1 and GFAP stain-
ing compared with the CCI group (Fig. 3c, d).

EGCG reduces serum and brain inflammation
and oxidative stress in mice after CCI injury

The inflammatory factors in blood and whole brain tissue
were examined furthermore. CCI significantly increased
both serum and brain TNF-α, IL-1β, and IL-6 level
24 h post-CCI; EGCG treatment markedly reduced CCI-
induced inflammatory factor concentration (Fig. 4a, b).
Oxidative stress was verified in the present CCI mice
model. CCI enhanced O2

−, H2O2, and MDA level and;
decreased SOD, CAT activity, and GSH content in the
brain 24 h after CCI (p < 0.001 on O2

− level measurement,
p < 0.01 on the rest); EGCG partially but significantly
reversed these CCI-induced changes (Fig. 4c‑h).

EGCG inhibits activation of NF-κB signaling pathway
in mice after CCI injury

In order to investigate the underlying mechanisms in-
volved in the anti-inflammation and anti-oxidative stress

Fig. 3 EGCG reduced the activation of microglia and astrocytes. a Real-
time PCR analysis of NeuN, Iba1, and GFAP in the hippocampus of mice
at 7 days post-CCI-TBI (n = 6 per group). b Bar graph of the gene ex-
pression (n = 6 per group). c Immunofluorescence images and the statis-
tical number of neurons (NeuN-positive) and d swollen (activated)

microglia (Iba1-positive) and astrocytes (GFAP-positive) in the peri-
traumatic area of brain sections of the sham, CCI + vehicle, and CCI +
EGCG groups (n = 6 per group). Scale bar = 100 μm. Data are presented
as means ± SEM. ***p < 0.001
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effects of EGCG, the activation of the NF-κB signaling
pathway in peri-traumatic brain tissue was detected 7 days
after CCI procedure. CCI resulted in a prominent increase
in phosphorylation of I kappa B kinase alpha /beta
(IKKα/β), IκBα, and NF-κB p65 (Fig. 5a‑d). EGCG
markedly reduced IKKα/β and NF-κB p65 phosphoryla-
tion and completely suppressed IκB α phosphorylation
(Fig. 5a‑d).

EGCG prevents CCI-induced alterations
of the activities of the AMPK signaling pathway
in mice after CCI injury

The involvement of the AMPK pathway was assessed 7 days
after CCI by Western blot. CCI introduced a significant de-
crease in the phosphorylation of AMPK (Fig. 6a, b). EGCG
treatment partially prevented the change, presenting similar

Fig. 4 EGCG reduces CCI-induced inflammation and oxidative stress in
mice. a Serum and b brain pro-inflammatory cytokines, including TNF-
α, IL-1β, and IL-6, were measured by ELISA. c‑h The oxidative stress

was determined by measuring O2
−, H2O2, MDA levels, SOD, CAT ac-

tivity, and GSH content in the hippocampus. Data are presented as means
± SEM, n = 10 per group. ***p < 0.001, **p < 0.01, *p < 0.05

Fig. 5 EGCG inhibits NF-κB ac-
tivation in mice after CCI injury. a
Representative Western blot re-
sults for phospho- and total
IKKα/β, IκBα, and NF-κB p65
expression at 7 days post-CCI in-
jury. b‑d Bar graph of the protein
quantification. Data are presented
as means ± SEM, n = 10 per
group. **p < 0.01, *p < 0.05
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effects as the AMPK activators AICAR and metformin
(p < 0.05, p < 0.05, p < 0.05; Fig. 6a, b). The total AMPK
expression remains at the same level at all the above circum-
stances (Fig. 6a, c). We then examined the phosphorylation of
the AMPK substrates S6 and AS160 in both cortex and hip-
pocampus. CCI injury significantly elevated the S6 phosphor-
ylation and reduced the AS160 phosphorylation. EGCG treat-
ment prevented the alterations under both brain regions
(p < 0.05 on phosphor-AS160 in the cortex, p < 0.01 in the
rest; Fig. 6d‑g). The AMPK upstream protein kinase, Ca2+/
calmodulin-dependent protein kinase kinase-beta (CaMKKß),
was examined too. The CaMKKß protein expression was
downregulated by CCI injury only in the cortex (p < 0.01;

Fig. 6h, i), but not in the hippocampus. The CaMKKß protein
level EGCG treatment inhibited the alteration of CaMKKß
phosphorylation in the cortex and did not affect CaMKKß
level in the hippocampus (p < 0.01; Fig. 6h, i).

AMPK is essential for EGCG effects on regulating
CCI-induced inflammation and oxidative stress
in mice

To further investigate the involvement of AMPK pathway in
the mechanisms of EGCG effects, AMPKα1-knockout mice
were used. Western blot results showed that the AMPK pro-
tein level was significantly decreased in the brain of

Fig. 6 EGCG prevents CCI-induced alterations in the phosphorylation of
the AMPK pathway in mice after CCI injury. a Photographs of represen-
tativeWestern blots for phospho-AMPK, total AMPK, and GAPDH. b, c
Bar graphs of the quantified protein levels. d, e Images of representative
Western blots and summary data showing that S6 phosphorylation is
increased in the ipsilateral cortex and hippocampus as a result of TBI, a
direction of change consistent with a decrease in AMPK activity, which is
reversed by EGCG treatment. f, g Images of representative Western blots
and summary data showing that TBI reduces the phosphorylation of

AS160 (phospho:total ratio) in both the ipsilateral cortex and hippocam-
pus of injured rats, which can be reversed by EGCG treatment. h, i
Images of representative Western blots for CaMKKß in the ipsilateral
cortex and hippocampus from sham 7 days post-injury and EGCG-
treated animals. Summary data showing that TBI significantly reduced
CaMKKß level in the cortex, but not in the hippocampus, 7 days after
injury, which can also be reversed by EGCG treatment. Data are present-
ed as means ± SEM, n = 10 per group. **p < 0.01, *p < 0.05
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AMPKα1-knockout mice (Fig. 7a). While EGCG had the
same effects on the CCI-induced increase in pro-
inflammatory factors (TNF-α, IL-1β, and IL-6) and decrease
in oxidative stress (SOD, CAT activity, and GSH content)
level as detected in Fig. 4, the EGCG effects were completely
diminished (Fig. 7b‑g).

Discussion

The present study reveals that EGCG, anAMPK activator, has
potent neuroprotective effects on CCI-induced neurological
dysfunction in CCI, a mouse model of TBI (Osier and
Dixon 2016; Romine et al. 2014). These effects are associated
with anti-inflammation and anti-oxidation due to the suppres-
sion of CCI-induced NF-κB activation and AMPK de-
activation.

Brain edema is a typical fatal pathological state in brain
trauma, elevating intracranial pressure (ICP) due to an in-
crease in the brain volume within the rigid enclosed skull
(Jha et al. 2019; Michinaga and Koyama 2015). EGCG
was reported to protect against spinal cord injury‑induced
spinal cord edema and TBI-induced brain edema in 72 h
post-injury (Ge et al. 2013; Zhang et al. 2015). The elevation
of ICP in the brain induces cerebral blood reduction, hypox-
ia, and high pressure on the cerebral tissue, which, in turn,
causes impairment of neuronal function (Liu et al. 2018a). To
further investigate the effects of EGCG on the recovery of
brain tissue function, such as motor, sensory, balance, reflex
functions, and spatial learning and memory, we performed
corner test, paw placement test, mNSS, and Morris water
maze test. As expected, EGCG treatment ameliorated CCI-
induced neurological deficits. Cerebral edema mainly occurs
as a result of secondary injury in CCI. Several mechanisms,

including neuronal excitotoxicity, the excessive inflammato-
ry response to injury, and mitochondrial dysfunction, are
involved (Jha et al. 2019; Michinaga and Koyama 2015).
In our study, the real-time PCR analysis, immunofluores-
cence, and ELISA results revealed a decrease in the expres-
sion of a neuron marker NeuN after CCI injury, which could
be restored by EGCG treatment. CCI procedure also in-
creased the gene expression of Iba1 and GFAP, which are
markers of activated microglia and astrocyte respectively.
EGCG treatment after CCI attenuated the activation of mi-
croglia and astrocyte.

Among the mechanisms, inflammation and oxidation play
key roles in inducing secondary injury (Jha et al. 2019;
Michinaga and Koyama 2015). We therefore further tested
the change of pro-inflammatory factors in serum and brain
tissue. The results showed that the secretions of these pro-
inflammatory factors were significantly increased in both se-
rum and hippocampus CA1 region after CCI injury, while
EGCG reduced these to a lower level, indicating that EGCG
inhibits CCI-induced inflammation, which is corresponding to
the findings on microglia and astrocyte activation. In addition,
our assessment of hippocampus oxidative stress, as measured
by O2

−, H2O2, MDA levels, SOD, CAT activity, and GSH
content, suggested that the CCI model in the present study
succeeded to induce oxidative stress, and EGCG reversed this
process.

The activation of the NF-κB pathway, by nuclear translo-
cation of cytoplasmic complexed, plays a pivotal role in in-
flammation through its ability to induce transcription of pro-
inflammatory genes and oxidative stress factors (Baldwin Jr.
1996; Bowie and O'Neill 2000; Tak and Firestein 2001).
Recently, accumulating evidence has confirmed that the
NF-κB pathway is partly responsible for the excessive inflam-
mation in several models of neurological diseases (Jayakumar

Fig. 7 AMPK is essential for EGCG effects on regulating CCI-induced
inflammation and oxidative stress in mice. a Protein levels of AMPK in
WTand AMPKα1-knockout mouse brain shown byWestern blot picture.
b‑d TNF-α, IL-1β, and IL-6 levels in WT and KO mice brain after CCI

and EGCG treatment (n = 10). e‑g Analysis of SOD, CAT activity, and
GSH content in the hippocampus following CCI injury. Data are present-
ed as means ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05. N.S., not
significant
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et al. 2014; Wang et al. 2008). NF-κB remains inactive in the
cytoplasm due to the binding to its endogenous inhibitory
subunit, inhibitor kappa B (IκB) before inflammation simula-
tion. Upon simulation, IκB is phosphorylated and degraded
rapidly and then liberates and phosphorylated the NF-κB, fa-
cilitating its translocation to the nucleus and triggering the
transcription of certain genes (Liu et al. 2018a). In our study,
NF-κB p65, IκBα, and IKKα phosphorylation was found to
be increased significantly after CCI injury. Furthermore,
EGCG treatment attenuated this increase. NF-κB transloca-
tion was determined by Western blot using nucleus extract;
we found that CCI injury resulted in an increase in nuclear
NF-κB p65 levels, demonstrating the activation of NF-κB
followed by CCI.

Abundant clinical studies and experimental data showed
that TBI can cause prolonged inhibition of glucose metabo-
lism and enhancement of inflammation and oxidation and
affect brain function (Abdul-Muneer et al. 2015; Jalloh et al.
2015; Ley et al. 2012; Mendez 2017). AMPK, a serine/
threonine kinase, is involved in all three events mentioned
above (Mancini et al. 2017; Rabinovitch et al. 2017;
Salminen et al. 2011).When activated, AMPK phosphorylates
several substrates that lead to suppression of energy-
consuming processes and enhancement of ATP-producing
pathways and transcription of pro-inflammatory genes and
oxidative stress factors. AMPK consists of three subunits:
AMPKα, AMPKβ, and AMPKγ. AMP or ADP binds to
the γ subunit when ATP is low, which results in a conforma-
tional change of the enzyme and then the residue Thr172 of
the α unit is phosphorylated. Three kinases, liver kinase B1
(LKB1), transforming growth factor‑activated kinase 1
(Tak1), and/or CaMKKβ, are responsible for the Thr172
phosphorylation (Krishan et al. 2015). Once phosphorylated
on Thr172, AMPK activity increases by approximately 100-
fold. Thus, targetingAMPK is one potential treatment strategy
for TBI patients. In order to study the role of AMPK in the
effects of EGCG, we first detected the phosphorylation level
of Thr172 of AMPKα in mouse brain tissues. Western blot
results showed that the phosphorylation level of Thr172 of
AMPKα decreased after TBI treatment, and EGCG restored
it. To further demonstrate that EGCG functions through
AMPK, AMPK activator AICAR and metformin treatment
groups were added. AICAR, metformin, and the combination
of these two changed the phosphorylation of AMPK in the
same way as EGCG. Next, we examined the phosphorylation
levels of the AMPK substrate S6 (indirect) and AS160 (di-
rect). EGCG was demonstrated to change the alterations at all
circumstances. In view of the decreased phosphorylation level
of AMPK after CCI injury, we also examined the upstream
protein kinase of AMPK. Hill et al. (2016) reported a decrease
in the level of CaMKKβ in the CCI-injured cerebral cortex;
we also had similar findings and EGCG was proved to
completely reverse the decrease.

While the AMPKα1 isoform represents the dominant cat-
alytic activity of AMPK in rodent (Stapleton et al. 1996), an
AMPKα1-knockout mouse model was generated to further
verify the function of EGCG in TBI. The AMPKα protein
expression was measured by Western blot and the result
showed that it was substantially knocked out in the animals.
Next, we found that AMPKα1 KO diminished the effect of
EGCG on downregulating the levels of pro-inflammatory cy-
tokines TNF-α, IL-1β, and IL-6, as well as upregulating the
SOD, CAT, and GSH activity in the hippocampus in TBI-
challenged mice.

There are several limitations to the current study. First, only
one dose of EGCG was tested. It would be nice to include
more doses in future studies. Second, it is preferred to com-
pare the effects of ECGGwith other well-known drugs. Third,
other kinds of TBI model could be employed to strengthen the
conclusions.

In summary, the current work demonstrates that EGCG
regulates inflammation and oxidative stress through the
AMPK pathway and ameliorates CCI-induce neurological
deficits, indicating that EGCG is a potent neuro-protectant in
CCI injury.

Conclusion

Our investigation demonstrates that EGCG protects against
CCI-induced neurological functions through the activation
of the AMPK pathway in mice. These results suggest that
EGCG might be a promising therapeutic intervention
preventing locomotor and cognitive impairment after traumat-
ic brain injury.
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