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Tetrahydrocurcumin protects against spinal cord injury
and inhibits the oxidative stress response by
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Abstract. It has been reported that tetrahydrocurcumin has
hypoglycemic, hypolipidemic, anti-metastasis, anticancer and
anti-depressant pharmacological effects, and its antioxidative,
hypoglycemic and hypolipidemic properties are better than
those of curcumin. The present study assessed whether tetra-
hydrocurcumin exerts a neuroprotective effect against spinal
cord injury (SCI) and investigated the underlying mecha-
nisms. In a rat model of SCI, tetrahydrocurcumin enhanced
the average Basso-Beattie-Bresnahan scores, inhibited water
accumulation in the spinal cord and decreased inflammatory
factors. Furthermore, oxidative stress and apoptosis (caspase-3
activity and B-cell lymphoma 2-associated X protein levels)
were also suppressed in SCI rats treated with tetrahydrocur-
cumin. Tetrahydrocurcumin effectively decreased the gene
expression of matrix metalloproteinase-3 and -13, as well as
cyclooxygenase-2, promoted the phosphorylation of Akt and
enhanced the protein expression of forkhead box (FOX)O4 in
SClI rats. The present study delineates that tetrahydrocurcumin
protects against SCI and inhibits the oxidative stress response
by regulating the FOXO4 in SCI model rats.

Introduction

In spinal cord injury (SCI), in addition to direct injury caused
by primary trauma, the secondary pathological changes
continue to expand around it; these include ischemia, free
radical damage, inflammatory response, excitotoxicity,
neuronal degeneration and necrosis, as well as apoptosis (1).
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Lipid peroxidation is one of the earliest biochemical changes
after SCI, which is a continuation of free radical damage, and
it is considered to be an important factor leading to the exacer-
bation of the original injury area. The inflammatory response
acts as double-edged sword in SCI-inflammatory cells are
extensively accumulated in the early stage, and secrete a large
number of toxic cytokines and free radicals so as to aggravate
SCI, while protective cytokines are synthesized in the late
stage (2,3).

SCI may arise from high falls and traffic accidents,
and is common in the clinic (4). After SCI, primary injury
and secondary injury (including apoptosis) of spinal cord
neurons are the main causes of spinal nerve dysfunction,
but the secondary injury of neurons may have more serious
consequences (5). After injury, the neuron has a relatively
low capacity to undergo self-repair and regeneration, the
regulation of which requires the participation of numerous
genes, including nerve growth factor and apoptosis-inhibiting
genes (6). The initiation of these genes requires signal
transduction through the associated pathways (3).

Forkhead box (FOX)O transcription factors are regulated
by a variety of external stimuli, including insulin, insulin-like
growth factor I, nutritional status, cytokines and stress (7).
These external factors regulate the subcellular localization,
DNA binding properties, protein levels and transcriptional
activity of FOXO through the complex combination of modi-
fication and translation of FOXO, including phosphorylation,
acetylation and methylation (8). FOXO has been proved to
be involved in protein degradation and synthesis, which also
take part in the regulation of skeletal muscle growth and
development (9).

Tetrahydrocurcumin (Fig. 1), the most active and major
metabolite of curcumin in vivo, may be isolated from the cyto-
plasm of the small intestine and liver after the administration
of curcumin to humans or mice (10). It inhibits tyrosinase and
the formation of oxygen free radicals, and removes already
formed free radicals, thereby exerting a significant antioxidant
effect; it has therefore been employed as a natural functional
whitening raw material for cosmetic research and develop-
ment (11). Tetrahydrocurcumin has a pharmacological effect
similar to that of curcumin (11). To date, tetrahydrocurcumin
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has been reported to have various pharmacological activities,
including anti-metastasis, anticancer, antioxidant, free radical
scavenging, hypoglycemic and hypolipidemic effects (12,13).
The present study assessed the potential neuroprotective
effects of tetrahydrocurcumin in a rat model of SCI and inves-
tigated the underlying mechanisms.

Materials and methods

Animals and establishment of the SCI model. Male Sprague
Dawley rats (weight, 180-230 g; age, 8-10 weeks) were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd (Beijing, China) and kept under standard
housing conditions (temperature, 22-23°C; humidity, 55-65%;
12-hlight/dark cycle). Food and water were provided ad libitum.
The rats were randomly assigned to one of three groups
(n=8 in each): Sham-control group, SCI group and tetrahydro-
curcumin treatment group. In brief, the rats were anesthetized
with sodium pentobarbital (30 mg/kg body weight, i.p.). For
the SCI and tetrahydrocurcumin treatment groups, a dorsal
laminectomy was performed at the 8th thoracic vertebra
level to expose the spinal cord. Subsequently, T6 and T10
were clamped to secure the vertebral column and a hammer
was dropped to produce a moderate SCI model. Following
aneasthetisation, rats in the sham-control group were treated
with 100 pl normal saline. Following SCI and wound suturing,
the injured rats were treated with 100 ul normal saline or
tetrahydrocurcumin (80 mg/kg/day, 2 weeks, i.p.) in the SCI
and tetrahydrocurcumin treatment groups, respectively. All
animal experiments were approved by the Ethics Committee
of The 309th Hospital of The People's Liberation Army
(Beijing, China).

Analysis of rat behavior and water accumulation. After
treatment with tetrahydrocurcumin, the motor function of
the rats was evaluated according to the Basso, Beattie and
Bresnahan (BBB) scale (0-21 points) at week 1 and 2. Rats
were allowed to freely walk around for 4 min in an open
field, and the movements of the hindlimbs were observed
and scored (14). Then, the spinal cord tissue was collected
and weighed; this was termed the wet weight. Spinal cord
tissue was dried at 80°C for 48 h and weighed again; this was
term the dry weight. Water accumulation was calculated as
(dry weight/wet weight) x100%.

Analysis of inflammation and oxidative stress. Following
tetrahydrocurcumin treatment whole blood was collected and
centrifugation at 2,000 x g at 4°C for 10 min to obtain serum,
the serum was then stored at -80°C for analysis. (NF)-xB p65
(cat. no. H202), tumor necrosis factor (TNF)-a (cat. no. H052),
interleukin (IL)-1f (cat. no. H002), IL-6 (cat. no. HO07)
and malondialdehyde (MDA; cat. no. A003-1) levels, as
well as superoxide dismutase (SOD; cat. no. A0OL-1-1),
glutathione (GSH; cat. no. A006-2) and GSH peroxidase
(GSH-PX; cat. no. A00S5) activity were measured using
ELISA kits (Nanjing Jiancheng Biology Engineering Institute,
Nanjing, China).

Western blot analysis. Spinal cord tissue samples
were placed in ice-cold saline and homogenized with

XTI et al: TETRAHYDROCURCUMIN PROTECTS AGAINST SPINAL CORD INJURY

H,CO OCH,

Figure 1. Chemical structure of tetrahydrocurcumin.

radioimmunoprecipitation assay buffer for 30 min. The
supernatant was collected after centrifugation at 15,000 x g
for 10 min at 4°C and the protein concentration was
determined using a BSA assay (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Protein (50 ug/lane) was loaded onto a
10% SDS-PAGE gel for electrophoresis, and then transferred
onto a polyvinylidene difluoride membrane (EMD Millipore,
Billerica, MA, USA). The membrane was blocked with
5% non-fat powdered milk in Tris-buffered saline containing
Tween-20 (TBST) for 1 h at 37°C and incubated with
antibodies to B-cell lymphoma 2 (Bcl-2)-associated X protein
(Bax; cat. no. sc-6236; 1:1,000), matrix metalloproteinase
(MMP)-3 (cat. no. 14351; 1:1,000; Cell Signaling Technology,
Inc., Danvers, MA, USA), MMP-13 (cat. no. sc-30073;
1:1,000), cyclooxygenase (COX)-2 (cat. no. sc-7951; 1:1,000),
phosphorylated (p)-Akt (cat. no. sc-7985-R; 1:2,000), FOXO4
(cat. no. sc-373877; 1:1,000) and GAPDH (cat. no. sc-25778;
1:5,000; all Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
overnight at 4°C. The membrane was washed with TBST
and then incubated with horseradish peroxidase-conjugated
goat anti-mouse or anti-rabbit immunoglobulin G
(cat. nos. sc-2005 and sc-2004, respectively; 1:5,000; Santa
Cruz Biotechnology, Inc.) as the secondary antibody at
room temperature for 1 h. Protein bands was observed using
BeyoECL Moon (Beyotime Institute of Biotechnology,
Haimen, China) and analyzed using Image Lab™ software
(version 3.0; Bio-Rad Laboratories, Inc.).

Caspase-3 activity. Spinal cord tissue samples were placed
in ice-cold saline and homogenized with radioimmuno-
precipitation assay buffer for 30 min. The supernatant
was collected after centrifugation at 15,000 x g for 10 min
at 4°C and the protein concentration was determined using
a Bio-Rad kit (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Protein (10 ug) was incubated with a caspase-3 activity
kit (cat. no. C1116; Beyotime Institute of Biotechnology).
Caspase-3 activity was measured in a spectrophotometer at
405 nm.

Statistical analysis. Values are expressed as the
mean + standard deviation using SPSS software (version 17.0;
SPSS, Inc., Chicago, IL, USA). Data were analyzed using
one-way analysis of variance followed by Dunnett's post-hoc
test. P<0.05 was considered to indicate a statistically significant
difference.

Results

Tetrahydrocurcumin enhances BBB scores and reduces the
water content in the spinal cord of SCI rats. Compared with
the control group, a significant reduction in BBB scores at all
time points and an increase in the water content in the spinal
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Figure 2. Tetrahydrocurcumin enhances BBB scores and inhibits water content of spinal cord in SCI rats. (A) BBB scores and (B) water content of the spinal
cord. “P<0.01 compared with sham control group, #P<0.01 compared with SCI model group. Groups: Sham, sham control group; SCI, SCI model group; Tet,
tetrahydrocurcumin treatment group; SCI, spinal cord injury; BBB, Basso-Beattie-Bresnahan.
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Figure 3. Tetrahydrocurcumin inhibits inflammation in SCI rats. Tetrahydrocurcumin inhibits (A) NF-xB p65, (B) TNF-a, (C) IL-1f and (D) IL-6 in SCI
rats. “P<0.01 compared with sham control group, “P<0.01 compared with SCI model group. Groups: Sham, sham control group; SCI, SCI model group; Tet,
tetrahydrocurcumin treatment group; SCI, spinal cord injury; NF, nuclear factor; TNF, tumor necrosis factor; IL, interleukin.

cord was observed in SCI rats (Fig. 2). Administration of tetra-
hydrocurcumin to SCI rats resulted in a significant increase
of BBB scores at week 2 and inhibition of water accumula-
tion in the spinal cord compared with that in the SCI model
group (Fig. 2).

Tetrahydrocurcumin inhibits inflammation in SCI rats.
ELISAs indicated that the serum levels of p65 of NF-kB,
TNF-a, IL-1f3 and IL-6 levels were notably enhanced in the
SCI model group compared with those in the control group
(Fig. 3). Treatment of SCI rats with tetrahydrocurcumin
significantly inhibited p65 of NF-xB, TNF-a, IL-1f and IL-6
levels (Fig. 3).

Tetrahydrocurcumin inhibits oxidative stress in SCI rats. As
presented in Fig. 4, overproduction of MDA, as well as inhibi-
tion of SOD, GSH and GSH-PX activity were observed in SCI
rats compared with the control group (Fig. 4). Administration
of tetrahydrocurcumin to SCI rats significantly decreased
MDA levels, and promoted the activity of SOD, GSH and
GSH-PX (Fig. 4).

Tetrahydrocurcumin inhibits apoptosis in SCI rats. As indi-
cated in Fig. 5, caspase-3 activity and Bax protein expression

were significantly enhanced in the SCI model group compared
with those in the control group. However, treatment of SCI rats
with tetrahydrocurcumin significantly suppressed caspase-3
activity and Bax protein expression (Fig. 5).

Tetrahydrocurcumin inhibits the protein expression of
MMP-3, MMP-13 and COX-2 in SCI rats. To evaluate the
mechanisms by which tetrahydrocurcumin attenuates SCI,
MMP-3, MMP-13 and COX-2 expression were measured in
the rats of the different experimental groups. As presented in
Fig. 6, MMP-3, MMP-13 and COX-2 expression in SCI rats
were higher than those in the control group. Treatment with
tetrahydrocurcumin suppressed the protein expression of
MMP-3, MMP-13 and COX-2 in SCI rats.

Tetrahydrocurcumin enhances the protein levels of p-Akt and
FOXO04 in SCI rats. To further evaluate the mechanism by
which tetrahydrocurcumin attenuates SCI, p-Akt levels and
FOXO4 expression were measured in the rats of the different
experimental groups. p-Akt levels and FOXO4 expression in
SCI rats were markedly lower than those in the control group
(Fig. 7). However, tetrahydrocurcumin induced the produc-
tion of p-Akt and the protein expression of FOXO4 in SCI
rats (Fig. 7).
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Figure 4. Tetrahydrocurcumin inhibits oxidative stress in SCI rats. Tetrahydrocurcumin inhibits (A) MDA, (B) SOD, (C) GSH and (D) GSH-PX in SCI rats.
“P<0.01 compared with sham control group, “P<0.01 compared with SCI model group. Groups: Sham, sham control group; SCI, SCI model group; Tet, tetra-
hydrocurcumin treatment group; SCI, spinal cord injury; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; GSH-PX, GSH peroxidase.

A
2 ° w
=
‘8,\4
© £ 3
© 3 H
2202
© >
a1
®
(@) 0 L
Sham SClI Tet

B

S 6

g 5_ * %

S € 4t

5 & .

6 3

. 1,

SN | ,

@ Sham Scl Tet
- Bax

oo

Sham

SCI

Tet

Figure 5. Tetrahydrocurcumin inhibits apoptosis in SCI rats. (A) Caspase-3 activity. (B and C) Bax protein expression detected by western blot analysis.
Densitometrically quantified results and a representative western blot are presented. “P<0.01 compared with sham control group, “P<0.01 compared with
SCI model group. Groups: Sham, sham control group; SCI, SCI model group; Tet, tetrahydrocurcumin treatment group; SCI, spinal cord injury; Bax, B-cell

lymphoma 2-associated X protein.

Discussion

SCI is a serious injury of the central nervous system and
severely impairs the quality of life of affected patients (15).
Although the survival rate and survival time of SCI patients
has significantly increased with the development of modern
medicine, most patients affected are disabled for life due to
the difficulty of neuronal regeneration (16). SCI represents
a global medical challenge, and a vast amount of scientific
and clinical research has achieved significant progress in the
field (17). In particular, a large number of clinical studies and
animal experiments have demonstrated that a series of changes

in molecular signaling and pathological processes occur inter-
nally after SCI, including neuronal apoptosis, inflammatory
response and axonal demyelination (18). The results of the
present study preliminarily confirm that tetrahydrocurcumin
enhances BBB scores, inhibits water accumulation in the
spinal cord, and decreases inflammatory factors, oxidative
stress and apoptosis in SCI rats. Sangartit et al (10) reported
that tetrahydrocurcumin protects against cadmium-induced
hypertension in mice through exerting antioxidative and
anti-inflammatory effects.

MMPs have an important role in regulating the develop-
ment of the central nervous system (19,20). However, in the
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Figure 6. Tetrahydrocurcumin inhibits the protein expression of MMP-3, MMP-13 and COX-2 in SCI rats. Western blot analysis was used to determine the
protein levels of (A) MMP-3, (B) MMP-13 and (C) COX-2 (densitometric quantification results). (D) Representative western blot image. “P<0.01 compared
with sham control group, #P<0.01 compared with SCI model group. Groups: Sham, sham control group; SCI, SCI model group; Tet, tetrahydrocurcumin
treatment group; SCI, spinal cord injury; MMP, matrix metalloproteinase; COX, cyclooxygenase.
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Figure 7. Tetrahydrocurcumin induces p-Akt and expression of FOXO4 in SCI rats. Western blot analysis was used to determine the protein levels of (A) p-Akt
and (B) FOXO04 (densitometric quantification results). (C) Representative western blot image. “P<0.01 compared with sham control group, “P<0.01 compared
with SCI model group. Groups: Sham, sham control group; SCI, SCI model group; Tet, tetrahydrocurcumin treatment group; SCI, spinal cord injury; p-Akt,

phosphorylated Akt; FOXO, forkhead box O.

presence of neurological disorders, MMP members exhibit
an abnormally increased expression. In recent years, a large
number of basic studies indicated that MMPs are involved in
various pathological processes after SCI (21). The extracel-
lular matrix (ECM) is composed of a variety of proteins and

non-proteins, which make up the microenvironment for cells
and exert supporting, connecting, nutritional and defense
functions (22). The basement membrane of blood vessels and
the ECM are important components maintaining blood-spinal
cord barrier integrity (23). MMPs may cause the damage to
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the blood-spinal cord barrier by degrading ECM components,
leading to increased permeability and extravasation of capil-
lary water and plasma protein, resulting in the increases in
the water content in the intracellular clearance and the forma-
tion of spinal cord edema (24). It was also demonstrated that
MMPs have an important role in the inflammatory response
and apoptosis after SCI (20). The results of the present study
indicate that treatment with tetrahydrocurcumin suppressed
the protein expression of MMP-3, MMP-13 and COX-2 in SCI
rats. Yodkeeree et al (25) revealed that tetrahydrocurcumin
inhibits the migration and invasion of HT1080 cells through
MMPs and urokinase-type plasminogen activator.

FOXOs exert their effects as transcription factors through
direct binding with target genes and interactions with other
transcriptional regulators, and their presence in cells affects
their function, including cell cycle regulation, apoptosis and
cellular metabolism (7,26). It has been demonstrated that
FOXO is involved in the degradation and synthesis of protein
in skeletal muscle, which maintains the protein content of
skeletal muscle via interaction with phosphoinositide-3 kinase
(PI3K), mammalian target of rapamycin (mTOR) complex 1
(mTORCI1) and NF-xB in the face of external stimuli (27).
Study of the molecular mechanisms of FOXO and its associated
signaling pathways in the regulation of muscle degradation and
synthesis may provide novel approaches for maintaining the
normal development of skeletal muscle (28). The present study
confirmed that tetrahydrocurcumin induces FOXO4 expression
in SCI rats, which was decreased after SCI. Xiang et al (13)
reported that tetrahydrocurcumin inhibits the oxidative stress
response through FOXO forkhead transcription factor.

The PI3K/Akt/mTOR signal transduction pathway is an
important pathway for receptor signal transduction to the cell,
which may regulate cell differentiation and proliferation, as
well as inhibit apoptosis (19). Under normal physiological
conditions, intracellular expression of PI3K tends to be
low (19). When the cells are damaged its expression rapidly
increases, leading to the phosphorylation of phosphatidylino-
sitol to generate phosphatidylinositol 3,4-bisphosphate, the
latter of which may phosphorylate Akt to generate p-Akt,
which in turn phosphorylates mTOR at the Ser2448 site to
thereby activate it (28). The PI3K/Akt signaling pathway is
an important signal transduction pathway inside cells, which
is closely associated with numerous vital cellular activi-
ties (29). Phosphorylation of Akt may promote cell survival
by inhibiting glycogen synthase kinase, tumor suppressors
and caspase-3 phosphorylation; following phosphorylation,
Akt then dissociates from the Bcl-2 and 14-3-3 receptor
protein complex, resulting in an anti-apoptotic effect (30).
The present study demonstrated that tetrahydrocurcumin
reduces the SCI-associated inhibition of p-Akt levels and
FOXO4 expression in rats. Wu et al (12) demonstrated that
tetrahydrocurcumin induces autophagic cell death of human
leukemia HL-60 cells through coordinative modulation of
PI3K/Akt/mTOR signaling pathways.

In conclusion, the present study indicated that tetrahydro-
curcumin improves BBB scores and inhibits the oxidative
stress response by regulating the FOXO4 in SCI model rats.
Therefore, tetrahydrocurcumin may be applied as one of the
clinical adjunctive therapies for SCI. The present study should
be followed by further clinical studies.
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