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Abstract

Cerebral ischemic insult not only generates reactive oxygen species but increases oxidative stress and
further cerebral injury. Curcumin is a natural polyphenol compound possesses antioxidant property. This
study explored whether the neuroprotective mechanism of curcumin during cerebral ischemia is associated
with the modulation of lipid peroxidation, the antioxidant superoxide dismutase (SOD), catalase (CAT), the
essential element magnesium (Mg), zinc (Zn), selenium (Se), transition metal iron (Fe), copper (Cu), and toxic
metal lead (Pb). Experimentally, a total of forty Sprague—Dawley male rats were used in the present study.
Cerebral ischemia was induced by ligation of the right common carotid artery (RCCA) and the right middle
cerebral artery (RMCA) for 1 hour. The prevention group was intraperitoneally injected with curcumin (100
mg/kg) once daily for consecutive 10 days before artery ligation. The right cerebral cortex was homogenized
and the supernatants were harvested for biochemical analysis. Experimental results indicated that cerebral
ischemic injury decreased SOD, CAT, Mg, Zn, Se, but increased MDA, Fe, Cu, and Pb. In turn, pretreating
rats with curcumin before ischemic insult significantly reversed all biochemical results. Our findings suggest
that curcumin attenuates cerebral ischemia-induced oxidative stress via modulating lipid peroxidation, anti-
oxidant activity, essential elements, transition, and toxic metals. Crucially, the present results provide a new
possibility for the therapeutic strategy of curcumin to chelate other neurotoxic metals. (J Intern Med Taiwan
2022; 33: 448-458)
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Toxic metal
Introduction as to interrupt blood flow into the affected brain
tissues. Meanwhile, cerebral ischemic insult gener-
Cerebral ischemia is the major leading cause of ates numerous toxic reactive oxygen species (ROS)
disability and death in aged population worldwide!. including superoxide radicals, hydrogen peroxide,
Ischemic stroke is caused by artery occlusion so and hydroxyl radicals?. In this case, ROS-mediated

Reprint requests and correspondence : Dr. Ming-Cheng Lin
Address : Department of Medical Laboratory Science and Biotechnology, Central Taiwan University of Science and Technology, Taichung, Taiwan,
No.666, Buzih Road, Beitun District, Taichung City 406053, Taiwan



Neuroprotection of Curcumin During Cerebral Ischemic Injury 449

deleterious lipid peroxidation and oxidative injury
occur-2, The principle of deleterious lipid peroxida-
tion is that toxic ROS can spontaneously attack the
component of polyunsaturated fatty acids (PUFA)
on cells!. In fact, the brain is very vulnerable to
ROS attack because of the following characteristics
including higher PUFA component, high aerobic
metabolism, and less antioxidant activity?. Hence,
maintaining proper antioxidant capacity is helpful
for protecting the brain against cerebral ischemia-
induced ROS and further oxidative stress.

Curcumin is a natural polyphenol compound
that exists in fruits and vegetables mainly for plants
to protect against environmental stress®*. Animal
study has documented that curcumin displays broad
beneficial properties such as free radical scavenge,
anti-oxidation, anti-inflammation, and metal che-
lation*3. As such, curcumin has been widely used
in the treatment of numerous ROS-involved human
diseases such as Alzheimer's disease, Parkinson’s
disease, type 2 diabetes mellitus, brain, kidney, and
liver diseases 3.

The antioxidant enzymes superoxide dismutase
(SOD) and catalase (CAT) are pivotal for protecting
brain tissues from ROS attack®?. Detoxification by
SOD occurs via converting toxic superoxide radi-
cals into hydrogen peroxide, and the CAT then con-
verts hydrogen peroxide into non-toxic water-10,
Thereby, maintaining proper antioxidant activity
is beneficial to attenuate ROS and further oxida-
tive stress and injury. In turn, decreased antioxidant
activity not only represents elevated oxidative stress
but also correlates with increased oxidative devasta-
tion®10,

Appropriate essential elements magnesium (Mg),
zinc (Zn), and selenium (Se) are substantial for normal
brain functions because these elements possess innate
antioxidant capacity!>3. The transition metals iron (Fe)
and copper (Cu) are required for the brain. However,
overload can spontaneously generate harmful ROS via

deleterious Fenton reaction, thus leading to increased

oxidative stress and lipid peroxidation in the brain!!-16,
Toxic metal lead (Pb) is also recognized as a serious
threat to human health and its toxicity is evidenced in
correlation to ROS generation as well as antioxidant
activity reduction'’20. Although extensive research
exploring the mechanism underlying curcumin neuro-
protection, whether this mechanism involves the reg-
ulation of brain concentrations of essential elements,
transition, and toxic metals has not been investigated

to date and is the purpose of this study.

Materials and Methods

Animal pretreatment, grouping, and cere-
bral ischemic surgery

In this study, a total of forty Sprague—Dawley
male rats which body weight ranging from 200 to
250 g were purchased from BioLASCO (Taipei,
Taiwan). In order to stabilize the physiological con-
dition of the experimental animals, all rats were
kept in stainless-steel mesh cages and housed under
controlled conditions (22+£2°C, 50+20% relative
humidity, 12-h light-dark cycle) with diet and water
for 7 days followed by randomly separated into four
groups as below: control (1% DMSO was dissolved
in 1 mL of normal saline followed by intraperito-
neally given to the rats once daily for consecu-
tive 10 days); ligation (rats were treated with 1%
DMSO that was dissolved in 1 mL of normal saline
and intraperitoneally given to the rats once daily
for consecutive 10 days followed by occlusion of
the right common carotid artery (RCCA) and right
middle cerebral artery (RMCA) for 1 hour); cur-
cumin (rats were intraperitoneally given with cur-
cumin at the dosage of 100 mg/kg that was dissolved
in 1% DMSO solution once daily for 10 days); and
prevention (rats were pretreated with curcumin at
the dosage of 100 mg/kg that was dissolved in 1%
DMSO once daily for 10 days followed by occlu-
sion the artery of RCCA and RMCA for 1 hour). All
experimental rats were sacrificed and the fresh cere-

bral cortex samples were immediately harvested for
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further biochemical analysis. In this experiment, all
the experimental protocol throughout animal pro-
cessing procedures was approved by the Institu-
tional Animal Care and Use Committee of Central
Taiwan University of Science and Technology
(IACUC, 109-CTUST-002).

Malondialdehyde (MDA) concentration anal-
ysis in the cerebral cortex homogenates

In total of 0.2 g of the cerebral cortex samples
were homogenized in the volume of 5 mL of ice KCl
(154 mM) by Teflon pestles homogenizers, and the
supernatants were harvested. Experimentally, 200
puL of the supernatant was mixed with 3 mL of the
H,PO, and 800 uL of the KCI solution followed by
vortex well. The standard solution of 1, 1, 3, 3-tetra
ethoxy propane was applied to interact with the thio-
barbituric acid (TBA) substance and was boiled for
60 minutes. Finally, 4 mL of the butanol solution was
added to the solution and vortex for 5 min followed
by collecting the supernatant for MDA analysis.
Basically, the detective principle of MDA is based
on the measurement of the pink color that is gener-
ated through the reaction of MDA with TBA. The
concentrations of MDA were determined by spec-
trophotometer at 532 nm (U-1900, Hitachi, Japan).

Analysis of antioxidant activity in the cere-
bral cortex homogenates

The SOD activity was detected according to the
procedures of Cayman’s superoxide dismutase assay
kit which is purchased from Cayman Chemical
Company (Ann Arbor, MI, USA). Briefly, xanthine
oxidase can react with the hypoxanthine to gener-
ate the superoxide radical. The superoxide radical
can reacted with tetrazolium salt and the SOD activ-
ity was measured by spectrophotometer (Thermo
Scientific Multiskan Spectrum, Vantaa, Finland).
On the other hand, the CAT activity was assayed
by catalase commercial kit purchased from Cayman
Chemical Company (Ann Arbor, MI, USA). Pres-

ently, the analytical procedure is that the methanol
interacts with hydrogen peroxide under the catalysis
of the CAT enzyme to produce the formaldehyde.
Finally, the chromogen of 4-amino-3-hydrazino-
5-mercapto-1,2, 4-triazole was reacted with the
formaldehyde and the CAT activity was detected by
spectrophotometry (Thermo Scientific Multiskan

Spectrum, Vantaa, Finland).

Essential elements, transition, and toxic
metals analysis in the cerebral cortex ho-
mogenates

To measure the concentration of Mg, Zn, Se,
Fe, Cu, and Pb, 2 mL of ultrapure-grade nitric acid
solution was used for wet-digestion with 0.2 g of
the fresh cerebral cortex sample overnight. In this
study, 50% nitric acid solution was well prepared for
completely soaking all containers that were used to
analyze the essential elements, transition, and toxic
metals. The standard solutions of all analyzed metals
were purchased from Merck (Darmstadt, Germany).
The SavantAA Z graphite furnace atomic absorp-
tion spectrophotometer (GBC Scientific Equipment,
Braeside, Australia) with longitudinal Zeeman
Effect background correction and PAL4000 auto-

sampler system was used in the present experiment.

Protein level measurement in the cerebral
cortex homogenates

For protein analysis, the commercial kit of Bio-
Chain protein assay (San Francisco, CA, USA) was
used in this present work. In brief, the analytical
principle of this protein assay kit was improved by
the Protein assay method of Coomassie Blue G. In
general, the analytical principle is that the reagent
interacted with the protein to produce a blue color
complex and its color intensity is proportional to
protein concentration. The protein concentration
was assayed by spectrophotometry (Thermo Scien-
tific Multiskan Spectrum, Vantaa, Finland) at the

wavelength of 595 nm experimentally.
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Statistical analysis of the experimental data

All the obtained data were statistically
expressed as mean + S.D. The experimental data
were measured by the statistical method of Kruskal—
Wallis one-way analysis of variance (ANOVA). If the
data exhibit significant differences among groups,
the Fisher’s Least Significant Difference (FLSD)
method was applied to compare each group. Once
the p-value was less than 0.05, the statistical differ-
ences were considered significantly in the present

work. a: p <0.05, vs. control; b: p <0.05, vs. ligation.

Results

Regarding the MDA concentration, a signifi-
cant (p < 0.05) reduction of the MDA level was
found in the group of prevention as compared to the
ligation (Figure 1). In turn, the MDA level was sta-
tistically (p < 0.05) increased in the ligation group
but decreased in the curcumin treatment group as
compared to the control.

Figure 2 illustrates the profiles of the antioxi-
dant activity of SOD and CAT in the homogenates of
cerebral cortex. Compared to the ligation group, the
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Figure 1. The malondialdehyde (MDA) levels in the right cerebral cortex homogenates. Data were expressed as mean +
S.D. The Kruskal-Wallis one-way analysis of variance (ANOVA) and the Fisher’s Least Significant Difference
(FLSD) test were used. The difference was considered significant at P < 0.05. a: P < 0.05 vs. control group; b:

P < 0.05 vs. ligation group.
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Figure 2. The antioxidant activity of SOD (upper histogram) and CAT (lower histogram) in the right cerebral cortex ho-
mogenates. The obtained data were expressed as mean + S.D. See Figure 1 for the statistical methods. The
statistical difference was considered significant at P < 0.05. a: P < 0.05 vs. control group; b: P < 0.05 vs. liga-

tion group.
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SOD activity was significantly (p < 0.05) increased
in the group of control, curcumin, and prevention.
Meanwhile, the SOD activity was markedly (p <
0.05) declined in ligation and prevention group as
compared to the control group. The CAT activity
was obviously (p < 0.05) enhanced in the group of
control, curcumin, and prevention as compared to
the ligation. On the other side, the CAT activity was
obviously (p < 0.05) decreased in the group of liga-
tion but increased in the curcumin as compared to
the control group.

The data given in Figure 3 showed the profiles
of the essential element Mg, Zn, and Se in the cerebral
cortex homogenates. The Mg level was statistically
(p <0.05) elevated in the group of control, curcumin,

and prevention as compared to the ligation. On the con-

trary, the Mg level was markedly declined (p < 0.05)
in the group of ligation as compared to the control. The
Zn concentration in the cerebral cortex was markedly
(p <0.05) increased in the group of control, curcumin,
and prevention as compared to the artery ligation
group. In contrast, the Zn level was significantly (p <
0.05) decreased in the group of ligation as compared
to the control. Likewise, the Se concentration was
obviously (p < 0.05) elevated in the group of control,
curcumin as well as prevention as compared to the liga-
tion. Compared to the control group, the level of essen-
tial element Se was markedly declined (p <0.05) in the
group of ligation but increased in the curcumin.

The present results demonstrate that a signifi-
cant (p < 0.05) decrease of the Fe level was found

in the group of control, curcumin, and prevention
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Figure 3. The essential element levels of magnesium (Mg; upper histogram), zinc (Zn; middle histogram), and selenium
(Se; lower histogram) in the right cerebral cortex homogenates. All data were expressed as mean + S.D. See
Figure 1 for the statistical methods. The statistical difference was considered significant at P < 0.05. a: P< 0.05

vs. control group; b: P < 0.05 vs. ligation group.
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as compared to the ligation (Figure 4). Conversely,
the Fe level was markedly (p < 0.05) increased in
the group of ligation as compared to the control. By
comparison with the ligation group, the Cu level
was statistically (p < 0.05) declined in the group of
control, curcumin, and prevention. In turn, the Cu
concentration was statistically increased (p < 0.05)
in the group of ligation as compared to the control
group. Results indicate that curcumin can effec-
tively reduce both transition metal levels.

Finally, there is a statistically significant
decrease (p < 0.05) in the concentration of Pb

observed in the group of control, curcumin, and

prevention as compared to the ligation (Figure 5).
Conversely, the Pb level was obviously increased
(p < 0.05) in the group of ligation but decreased in
the group of curcumin as compared to the control.
The present result reinforces that curcumin can

effectively decrease the toxic metal Pb.

Discussion

Our experimental findings suggest that cere-
bral ischemia results in brain tissue decreases in
the level of Mg, Zn, Se, SOD, CAT, and increases
in the concentrations of MDA, Fe, Cu, and Pb in

the ischemic cerebral cortex. Interestingly, pre-
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Figure 4. The transition metal concentrations of iron (Fe; upper histogram) and copper (Cu; lower histogram) in the right
cerebral cortex homogenates. All data were expressed as mean + S.D. See Figure 1 for the statistical methods.
The statistical difference was considered significant at P < 0.05. a: P < 0.05 vs. control group; b: P < 0.05 vs.
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Figure 5. The toxic metal concentrations of lead (Pb) in the right cerebral cortex homogenates. Data were expressed as
mean + S.D. See Figure 1 for the statistical methods. The statistical difference was considered significant at P
< 0.05. a: P < 0.05 vs. control group; b: P < 0.05 vs. ligation group.
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treating rats with curcumin before ischemic injury
statistically reversed all experimental results. The
previous investigation indicates that curcumin pos-
sesses beneficial effects on humans and animals
due to its beneficial properties of anti-oxidation
and anti-inflammation’. It is reported that poly-
phenol compound curcumin provides neuroprotec-
tion by attenuating multiple sclerosis devastation
through down-regulating inflammation, oxidative
processes, and enhancing myelin repair*2!. In addi-
tion, curcumin protects against amyloid B-induced
mitochondrial and synaptic toxicities by reducing
ROS-mediated lipid peroxidation in Alzheimer's
disease??. Animal research reveals that curcumin is
capable to alleviate cerebral ischemia and reperfu-
sion devastation via reducing ROS and further ROS-
induced lipid peroxidation in rats with spinal cord
injury?. Furthermore, a clinical study indicates the
beneficial effect that curcumin supplementation not
only increases the brachial artery blood flow but
also reduces inflammation and oxidative stress in
healthy middle-aged and older adults®.

Cerebral ischemia is characterized by cerebral
artery occlusion so as to interrupt the blood flow
into the affected brain tissues !. Ischemic stroke is
attended with increased oxidative stress resulting
from uncontrolled ROS generation?. The preced-
ing study demonstrates that ROS generation results
from ischemic stroke markedly increases lipid per-
oxidation in the affected brain®. In fact, polyunsatu-
rated fatty acid (PUFA) is the major constituent of
the brain and is the primary target of ROS attack
because of its double-bond structure®. Cerebral isch-
emic insult-generated ROS can as a result enhance
lipid peroxidation and oxidative stress in the affected
brain. Our present finding supports the previous
observation and reveals that curcumin performs
antioxidant capacity to scavenge ischemic injury-
generated ROS and to attenuate oxidative stress as
reflected by a decreased MDA concentration!-239,

In addition to this, lower antioxidant capacity makes

the brain highly susceptible to ROS attack 3-10. The
present findings demonstrate that ischemic stroke
decreases SOD and CAT activities but curcumin
markedly enhances both enzyme activities. In vivo
and in vitro studies propose that curcumin is capable
of up-regulating the activity of SOD and CAT3,
demonstrating that increased SOD and CAT activi-
ties are useful to decline further ROS-mediated lipid
peroxidation and oxidative stress.

Although numerous achievements over the
years in investigating the mechanisms of curcumin
underlying neuroprotection concerns to inhibit
NF-kB mediated transcription, inflammatory cyto-
kines, and induce iNOS and Cox-2 resulting in its
antioxidant and anti-inflammatory properties, it has
not yet been explored whether the neuroprotective
mechanism of curcumin is associated with the mod-
ulation of the transition metal, essential elements
as well as toxic metals. Previous study reveals that
perturbation of essential elements is the first step in
initiating the processes of brain cell death®. There-
fore, realizing the association between the alteration
of essential element levels and cerebral ischemic
injury is advantageous for insight into the patho-
physiology of the ischemic stroke. It has been evi-
denced that Mg is the most abundant intracellular
cations and involves pleiotropic functions such as
protecting cells from oxidative attack, ameliorating
inflammatory response, modulating energy metab-
olism, regulating ATP synthesis, reducing neuronal
excite-toxicity, and acting as a calcium blocker!8-,
In this study, ischemic stroke results in a decreased
Mg level but pretreating rats with curcumin before
ischemia significantly enhances the Mg concentra-
tion. Clearly, our finding indicates that curcumin is
capable of enhancing the Mg level. As noted above,
numerous positive effects of Mg have been reported,
including reducing oxidative stress, stabilizing cell
membrane functions, increasing cerebral blood
flow, modulating energy metabolism and ATP syn-

thesis!-289, Study indicates curcumin can obviously
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increase artery blood flow in healthy middle-aged
and older adults**. This may be explained noting
that enhanced cerebral blood flow may enhance the
Mg level; increased Mg is useful to promote energy
metabolism as well as ATP synthesis. As a result,
better energy supplementation is helpful to attenu-
ate cerebral ischemia-induced oxidative stress and
lipid peroxidation. Essential element Zn involves
numerous biological functions mainly in anti-oxi-
dation and anti-inflammation!. Our preceding study
evidenced that cerebral ischemia decreases Zn but
increases the MDA level!. Besides, previous study
suggests that an inverse association between Zn
and MDA levels is found in the ischemic cerebral
cortex2®, In this study, ischemic insult decreases Zn
but increases the MDA levels. However, pretreating
rats with curcumin before ischemic injury mark-
edly enhances the Zn concentration but decreases
the MDA levels. It is of note that curcumin is able
to enhance the Zn level; in this situation, Zn per-
forms its innate antioxidant ability so as to attenu-
ate ROS-mediated lipid peroxidation injury in the
ischemic cerebral cortex. Likewise, the essential
element Se is reported to display excellent anti-
oxidant ability in eliminating ROS as well as lipid
peroxidation devastation®8-°. Clinical study demon-
strates a negative correlation between the serum Se
level and the occurrence of acute ischemic stroke?.
Animal study suggests that pretreating Alzheimer’s
disease model rats with sodium selenate markedly
decreases neurological deficits2®. Furthermore, sup-
plementation of Se to lymphocytes collected from
patients with Alzheimer’s disease markedly reduces
ROS levels and ROS-mediated lipid peroxidation
devastation?’. In this study, pretreating rats with
curcumin before ischemia obviously enhanced Se
levels but decreased the MDA concentration. Based
on our finding, we suggest that curcumin treatment
is helpful to enhance the blood flow and Se levels.
Thus, Se exerts its innate antioxidant capacity so as

to attenuate cerebral ischemia-generated ROS and

further ROS-mediated lipid peroxidation. Taken
together, curcumin supplementation improves cere-
bral blood flow in the ischemic cerebral cortex;
under this circumstance, levels of essential element
Mg, Zn, and Se are increased and consequently,
these elements exert its innate antioxidant property
to effectively eliminate cerebral ischemia-induced
ROS. Given this fact, lipid peroxidation and oxida-
tive stress are ameliorated.

The transition metal Fe and Cu is required for
living organisms because they involved in a variety
of biological functions'%!>. However, Fe and Cu
overload is toxic to cells because they initiate del-
eterious Fenton reactions, generating toxic hydroxyl
radicals and leading further oxidative injury in
cells 11316 The previous study demonstrates that
owing to the interruption of the blood flow, cere-
bral ischemic insult not only results in less energy
supplementation but reduces Fe and Cu metabolism.
As aresult, Fe and Cu are overloaded in the affected
brain’2°. On the other hand, cerebral ischemic
injury-generated hydrogen peroxide (H,0O,) can
actively react with Fe and Cu, thus generating toxic
hydroxyl radicals via deleterious Fenton reaction
and resulting in further oxidative devastation!%-1. In
fact, the polyphenol compound curcumin has gained
much attraction concerning its metal chelating
property3-718, The present study indicates that pre-
treating rats with curcumin before ischemic insult
significantly decreases Fe and Cu levels. Obviously,
the finding of this experiment is consistent with the
previous investigation, indicating that curcumin can
effectively chelate the transition metals Fe and Cu.
Under this situation, declined Fe and Cu levels are
beneficial not only to alleviate the Fenton reaction-
generated ROS but to ameliorate further ROS-medi-
ated lipid peroxidation and oxidative stress.

The toxic metal lead (Pb) presents as a con-
taminant in the environment worldwide?$. In fact,
Pb does not implicate any biological functions

in living organisms and notably, once the toxic
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metal Pb enters the body, it accumulates in numer-
ous organs, especially in the brain so as to result
in neurotoxicity®!?. Previous studies evidence that
the toxic mechanism underlying Pb neurotoxicity is
due to ROS generation as well as antioxidant capac-
ity reduction®!17-18, Studies reveal that based on its
chemical structure, the polyphenol compound such
as resveratrol can effectively chelate Pb so as to
decline Pb-induced cerebral cortex injury in animal
model!”18, Likewise, the present finding suggests
that cerebral ischemia results in Pb overload but this
adverse phenomenon can be reversed by pretreat-
ment rats with curcumin before ischemic injury. As
already mentioned, the polyphenol structure pos-
sesses innate chelating properties. In light of this
effect, we suggest that polyphenol compound cur-
cumin is capable of exerting chelating capacity so
as to significantly chelate the toxic metal Pb in the
ischemic cerebral cortex. In this situation, further
Pb-generated ROS and ROS-induced lipid peroxida-

tion and oxidative stress are mitigated.

Conclusion

Our experimental findings reveal that the
emerging role of the polyphenol compound cur-
cumin confers neuroprotection to effectively allevi-
ate cerebral ischemia-induced oxidative stress. The
previous study demonstrate that chelating agent pos-
sesses the properties of high affinity to the transi-
tion and toxic metals but low affinity to the essential
elements?. This is the first paper demonstrating that
the neuroprotection of curcumin is associated with
the ionic mechanism that correlates with the modu-
lation of essential elements, transition metals, and
toxic metals. In addition, it is notable that the present
findings provide a new possibility for the therapeutic
strategy of curcumin in chelating other neurotoxic

metals.
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