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Abstract In the present study, we investigate the effect of
severe hyperhomocysteinemia on biochemical (creatine ki-
nase activity), behavioral (memory tests), and histological as-
sessments (hippocampal volume). A possible neuroprotective
role of creatine on hyperhomocysteinemia effects was also
evaluated. Severe hyperhomocysteinemia was induced in ne-
onate rats (starting at 6 days of age) by treatment with homo-
cysteine (0.3-0.6 pmol/g body weight) for 23 days. Creatine
(50 mg/kg body weight) was administered concomitantly with
homocysteine. Controls received saline in the same volumes.
Twelve hours after the last injection, the rats were submitted to
behavioral tests [(recognition task (NOR)] and inhibitory
avoidance (IA)]. Following behavioral assessment, the ani-
mals were perfused and decapitated, the brain removed for
subsequent morphological analysis of the hippocampus.
Another group of animals was used to test creatine kinase
activity in hippocampus. The results showed that rats treated
with homocysteine decreased (44%) the exploration of the
novel object in NOR. In the IA task, homocysteine-treated
animals presented decreased latencies to step down the plat-
form in short- (32%) and long-term (18%) testings (3 h and
7 days, respectively), evidencing aversive memory impair-
ment. Hippocampal volume was not altered by homocysteine
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administration. Hyperhomocysteinemia decreased (45%) cre-
atine kinase activity, and creatine was able to prevent such
effect probably by creatine kinase/phosphocreatine/creatine
homeostasis, which serves as energy circuit within of the cell.
This finding may be associated, at least in part, with memory
improvement, suggesting that creatine might represent an ef-
fective adjuvant to protect against the effects of high homo-
cysteine plasma levels.

Keywords Severe hyperhomocysteinemia - Creatine kinase -
Memory - Creatine

Introduction

Homocysteine (Hey) can be re-methylated to methionine via
the re-methylation or 5-methyltetrahydrofolate pathway or it
can undergo transsulfuration to form cysteine. Impaired me-
tabolism due to genetic alteration in metabolic enzymes (me-
thionine synthase, methyltetrahydrofolate reductase, cystathi-
onine (3-synthase (C3S), and cystathionine-y-lyase) or defi-
ciency in cofactors may lead to an acquired metabolic anom-
aly known as hyperhomocysteinemia (Bhatia and Singh
2015). Hyperhomocysteinemia is a common consequence of
diet, behavioral, and pathological conditions and is epidemi-
ologically related to different diseases, among which neuro-
degenerative ones are receiving progressively more attention
in the last years. Patients with the rare homocystinuria have
levels of >100 pmol/L and typically develop cognition defi-
cits (Varga et al. 2005), being that in normal individuals, plas-
ma Hcy levels range from 5 to 15 mmol/L.

Chronic Hecy administration in experimental animals has
attracted the interest of scientific literature in recent decades
because of the association between its concentration in the
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blood and the incidence of energy and memory impairment
(Seshadri et al. 2008; Streck et al. 2004; Matté et al. 2009a, b;
Ataie et al. 2010). Clinical investigations have shown elevated
Hcy plasma levels in patients with neurodegenerative diseases
(Bhatia and Singh 2015; Khan et al. 2015; Kunisawa et al.
2015) and cognitive disorders (Kunisawa et al. 2015; Zhao
et al. 2015). There are clinical studies in humans (Imbard
et al. 2015; McCully 2015; Vanzin et al. 2014, 2015;
Serensen et al. 2016) relating various changes and biochemi-
cal parameters found and used in experimental animal models
of hyperhomocysteinemia. In this way, it is possible to clarify
the consequences of high levels of Hey on the physiology of
human systems. It is the basic research to elucidate results as
reliable sources in the literature capable of supporting prom-
ising clinical studies to better understand the pathophysiology
of diseases in general.

Elevated levels of Hey induce oxidative stress (Kolling et
al. 2014; da Cunhaet al. 2011). The reactive species generated
by these abnormal levels of Hcy also increases the activation
of matrix metalloproteinases (MMPs) (Gasche et al. 1999),
particularly MMP-9 (Lee et al. 2012). These series of alter-
ations may be responsible for the alterations in the plasticity
and decrease in the speed of basic synaptic transmission in
hippocampus of adult rats treated with Hcy (Christie et al.
2005). The alterations found in this region of the brain may
be related to several studies that link elevated levels of Hey
with memory impairments and neurodegenerative diseases
(Streck et al. 2004; Obeid et al. 2007). Furthermore, a recent
study developed by Chung et al. (2016) demonstrated that
Hcy enhances the interaction between fibrinogen and Af3,
promoting the formation of tighter fibrin clots and delaying
clot fibrinolysis, suggesting that this may also be partially
responsible for the significant impairments in learning and
memory.

Creatine is well known for its protective properties, with
studies showing that it can be beneficial in the treatment of
neurodegenerative diseases (Bender et al. 2006; Chung et al.
2007; Tarnopolsky 2007; Beal 2011). Moreover, creatine has
antioxidative properties per se (Lawler et al. 2002; Sestili et al.
2006). Therefore, creatine can prevent the oxidative stress that
appears to play a role in the molecular changes that lead to
memory deficits.

Energy metabolism is associated with important metabolic
pathways. An important system that contributes in the main-
tenance of ATP levels is the creatine kinase (CK), which con-
sists of a group of isoenzymes connected with a central role in
energy metabolism and is responsible for providing and re-
synthesizing ATP for tissues with high energy demands
(Wallimann et al. 1992; Yang et al. 2010). There are few
studies relating the involvement of CK with behavioral chang-
es (Zhang et al. 2008; Hoyer and Lannert 2008).

In contradiction to the study presented by Bender and
Klopstock (2016), some studies show beneficial effects of
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creatine. We can infer that the amine should be used with
caution and in appropriate doses; it can change important
physiological functions, as well as compromise the energy
homeostasis of different organs and tissues (Kolling et al.
2015). There are several well-documented studies showing
its beneficial role and its protective properties, showing that
it can help in the treatment of neurodegenerative diseases
(Bender et al. 2006; Chung et al. 2007; Tarnopolsky 2007;
Beal 2011). In addition, it has antioxidant properties per se
that can be considered relevant for a number of clinical con-
ditions in patients with brain disorders (Lawler et al. 2002;
Sestili et al. 20006).

Natural dietary supplements with creatine was accompa-
nied by favorable effects on neurobehavioral functioning, es-
pecially memory skills (Bender et al. 2008), and has emerged
as a promising adjunct therapy in several pathological condi-
tions (Gualano et al. 2011, 2012). There are studies showing
that creatine contributes to the improvement of energy homeo-
stasis in several tissues (Kolling and Wyse 2010; Kolling et al.
2012, 2014, 2015) and prevents behavioral alterations in open
field tasks (Vasques et al. 2006). These findings pinpoint to a
close correlation between the functional capacity of the crea-
tine kinase/phosphocreatine/creatine system and the proper
brain function (Wyss and Schulze 2002). On this, we can
highlight that creatine biosynthesis contributes to Hey fluctu-
ating concentrations in the plasma. Based on these findings, it
is possible that creatine could prevent the effects of Hey, low-
ering the risk of developing energy and cognitive impairment.

In view of these considerations and the fact that, to our
knowledge, there are no studies assessing the relationship be-
tween CK activity, behavioral alterations, and histological
amendments after inducing severe hyperhomocysteinemia,
in the present study we investigate the effects of chronic ad-
ministration of Hecy on CK activity in the hippocampus of rats,
cognitive tests such as NOR and IA, as well as on hippocam-
pal volume. We also evaluate whether creatine administration
could prevent the enzymatic alteration relating them to the
commitment of animal memory on some behavioral tasks.

Methods
Animals

In our study, we used male and/or female to accomplish the
biochemical and morphological tests, as in previous studies,
there were no differences in these parameters in relation to
sex. For the behavioral tests that used only males, it is known
that females suffer from hormonal fluctuation, and the differ-
ent stages of the estrous cycle of these can interfere with the
analysis of these parameters.

Male or female Wistar rats (6-day-old) were obtained from
the Central Animal House of the Department of Biochemistry,
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Institute of Basic Science of Health, Universidade Federal do
Rio Grande do Sul (Porto Alegre, RS, Brazil). Animals were
maintained on a 12/12-h light/dark cycle, in an air-conditioned
(22 £ 1 °C) colony room. Rats had free access to a 20% (w/w)
protein commercial feed, and to water. All animal experiments
were approved by the Ethical Committee of the Universidade
Federal do Rio Grande do Sul (RG, Brazil; document no.
21847), and performed in accordance with the Guide for the
Care and Use of Laboratory Animals (NIH, revised 2011).

Sample Size

The sample size was calculated according to the aid of the
Minitab® program. In this case, the sample size was informed
by the program of nine animals per group for biochemical
studies and 15 animals per group for behavioral studies.

—  For the enzymatic activity (creatine kinase) and morpho-
logical analysis:

Level: 4

Power: 0.8

Maximum difference: 25%
Standard deviation: 15%

Sample size: 9

Real power: 0.806077

Total animals: 9 x 4 =36 (x 2) =72

—  For the behavioral analysis:

Level: 4

Power: 0.8

Maximum difference: 25%
Standard deviation: 20%
Sample size: 15

Real power: 0.800969
Total animals: 15 x 4 = 60

Subjects and Reagents

In our study, we used anhydrous creatine (from Sigma-Aldrich
C0780).

Chronic Treatments with Creatine and Homocysteine

Creatine and Hey were dissolved in 0.85% NaCl (pH 7.4), and
administered to rats for 23 days, from the sixth day of age. Hcy
was administered subcutaneously twice a day (morning and
evening, with an 8-h gap between treatments), and at the fol-
lowing doses: 0.3 pmol Hey/g in the first week of treatment,
which was changed to 0.4 and 0.6 umol Hcy/g in the second
and third weeks of treatment, respectively. Plasma Hcy

concentrations in rats subjected to this treatment regime achieve
similar levels to those found in severe hyperhomocysteinemic
patients (Streck et al. 2002, 2003a, b). Creatine (50 mg/kg) was
injected intraperitoneally once a day, as described by Kolling
and Wyse (2010). Control animals received saline solution (in
the same volumes given to Hcy- and creatine-treated rats). Six
animals were used for each group in all experiments. The be-
havioral tests began 12 h after the last injections of Hey and
creatine. Twenty-four hours after the behavioral tests, the ani-
mals were perfused and decapitated, the brain removed for
subsequent morphological analysis of the hippocampus. Other
animals were divided into the same experimental groups and
were subjected to further treatment, following the same chronic
model of severe hyperhomocysteinemia, and 12 h after the last
injection, they were decapitated, the brain removed, and the
hippocampus dissected for analysis of creatine kinase activity.

Creatine Kinase Activity

CK activity was measured in total homogenate preparation
from the hippocampus of rats. The reaction mixture consisted
of the following medium: 65 mM Tris-HCI buffer pH 7.5,
containing 7 mM phosphocreatine, 9 mM MgSQO,, and ap-
proximately 0.4—1.2 pg protein in a final volume of 0.1 mL.
EMA (1 and 5 mM) was supplemented to the medium, where-
as controls did not contain this acid. After 5 min of
preincubation at 37 °C, the reaction was started by the addition
of 3.2 mM ADP plus 0.8 mM reduced glutathione. The reac-
tion was stopped after 10 min by the addition of 1 pmol p-
hydroxymercuribenzoic acid. The creatine formed was esti-
mated according to the colorimetric method of Hughes
(1962). The color was developed by the addition of 0.1 mL
2% o-naphthol and 0.1 mL 0.05% diacetyl in a final volume
of 1 mL and read after 20 min at 540 nm. None of the sub-
stances added to the assay medium interfered with the color
development or spectrophotometric readings. Results are
expressed as micromoles of creatine per minute per milligram
of protein.

Novel Object Recognition (Non-aversive Task)

The novel object recognition task assesses declarative memo-
ry (Clark and Martin 2005). In the first phase of the test, each
animal was confronted with two different objects, placed in an
open-field box, and the time of object exploration is registered
in 5 min. Following this phase, the rodent was removed from
the open-field box to another separate box for a period of
5 min. In the second phase, each animal was exposed to two
objects placed in the same open-field box: one familiar object,
used in the first phase, and one novel object. The time spent
exploring the novel object and the familiar object was
described by Benice and Raber (2009) and Rodrigues et al.
(2016). A discrimination index was calculated in the test
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session (second), as follows: the difference in exploration time
divided by the total time spent exploring the two objects
(B—A/B+ A, where B is the new object and A is the familiar
object) (Okuda et al. 2004).

Inhibitory Avoidance (Aversive Task)

An acrylic box was used (50 x 25 x 25 cm), with the left-most
7 cm of the box floor was occupied by a 3-cm-high platform.
The box floor was a grid of parallel stainless steel bars
(1.5 mm diameter) spaced 1 cm apart. Animals were gently
placed on the platform, and their latencies to step down plac-
ing their four paws on the grid were measured with an auto-
matic device. On stepping down, they received a 0.5-mA, 60-
Hz scrambled foot shock for 2 s, and were withdrawn from the
box. Animals were tested for retention 3 h and 7 days later.
The test session was procedurally similar to the training one
except that foot shock was omitted; step-down latency in test
was used as an index of retention (Arteni et al. 2003 and Netto
et al. 1985).

Morphological Analysis

Wistar rats were anesthetized with ketamine and xylazine (100
and 10 mg/kg body weight, respectively, i.p.) and perfused
through the left cardiac ventricle with 0.9% saline followed
by 4% paraformaldehyde with phosphate buffer. The brains
were quickly removed and placed in 4% paraformaldehyde
buffered solution. After 4 h, the samples were immersed in a
solution of 30% sucrose for cryoprotection for 2 days.
Following this, the samples were sectioned using a cryostat
(CM1850, Leica, Sao Paulo, SP, Brazil) in coronal slices of
40 um thickness. Coronal sections containing the entire hip-
pocampus and striatum area were placed on gelatinized glass
slides and stained with hematoxylin and eosin. Images were
then captured and digitalized using the Adobe Photoshop soft-
ware, and the areas of each hemisphere were measured using
NIH Imagel software.

Hippocampal Volume

The entire hippocampal and dentate gyrus area, in accordance
with Paxinos and Watson (1986), was delineated in all sec-
tions. The hippocampus volume was calculated by the sum of
the areas multiplied by the section interval, according to the
Cavalieri method (Pereira et al. 2007; Arteni et al. 2010;
Sanches et al. 2013). The anterior limit was set to find the first
slice containing the hippocampus and the posterior one in
which the ventral hippocampus first appeared (i.e., between
coordinates—1.60 and 6.84 mm of the Paxinos Atlas).
Ammon’s horn volume was calculated as the difference be-
tween the entire hippocampus and dentate gyrus volumes
(Rodrigues et al. 2004).
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Statistical Analysis

The parametric data for four groups were analyzed by one-
way analysis of variance (ANOVA) followed by post hoc
Tukey test when F' test was significant. Non-parametric data
for four groups were analyzed by Kruskal-Wallis test followed
post hoc Dunn test when F test was significant. The creatine
kinase activity and morphological analysis of the hippocam-
pus were analyzed by parametric statistical test. The behavior-
al parameters were analyzed by non-parametric statistical test.

Values of p < 0.05 were considered statistically significant.
All analyzes and graphics were performed using GraphPad
Prism 5.1 software program in a compatible computer.

Results
Hcy Alters CKotary Activity

Hcy decreased the activity of CK ) in hippocampus of rats
(p <0.01). Creatine was able to prevent this reduction (Fig. 1).

Hcy Impairs Memory Formation
Novel Object Recognition

Firstly, the novel object recognition test was applied to access
the effect of Hcy on recognition memory. Control rats spent
less time on the familiar object in the test session when com-
pared to the training; thus, the time exploring the novel object
increased in the control group (p < 0.05), and decreased in
treated animals (p < 0.05). Creatine per se did not exert any
effect on this parameter and when associated with Hcy was
not able to prevent such effects (Fig. 2a). The group treated
with Hcy also exhibited a reduced discrimination index
(p < 0.05) (Fig. 2b).
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Fig. 1 Effect of Hcy, creatine, and Hcy plus creatine on the CKotaly
activity. Data are expressed as mean + S.E.M. for six to eight animals
in each group. Statistical difference as p < 0.05. *Different from control.
Hcy homocysteine, CK creatine kinase
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Inhibitory Avoidance Task

Short and long aversive memory was evaluated in the inhibi-
tory avoidance task (3 h and 7 days after training sessions).
Kruskal-Wallis showed difference between groups at 3 h
(p <0.05) and 7 days (p < 0.05). Control groups increase their
latencies to step down the platform for 3 h and 7 days, respec-
tively (p < 0.05). The Hey group showed long-term memory
impairment since the latencies between training and test ses-
sion were not statistically different (»p > 0.05), demonstrating
that animals did not remember the shock, that way down the
platform in similar times in training and testing. We note that
creatine when associated with Hey increases the latency in the
test section, preventing a possible damage in the memory
(p < 0.05) (Fig. 3).

Histological Assessment

The Cavalieri method was used for volumetric brain analysis:
statistical analysis revealed that all groups present a similar
mean volume between right and left hemispheres (p > 0.05)
(Fig. 4).
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Fig. 2 Effect of Hcy, creatine, and Hey plus creatine on novel object
recognition. Time spent in each object (a) and discrimination index (b)
in the test session. Note A is the old object and B is the novel object, and
the discrimination index was calculated by the formula [(B — A) / (A +
B)]. Data are expressed as mean + S.E.M. for 13—16 animals in each
group. Statistical difference as p < 0.05. *Different from control. Hey
homocysteine

Discussion

It has been reported that Hey alters phosphatase, kinase, and
methylation activities (Ho et al. 2002; Chan et al. 2008); perturbs
the methionine cycle (Miller 2003); and induces oxidative dam-
age in brain tissue (Obeid and Herrmann 2006) which may be
the cause of cognitive decline. Initially in our study, we observed
that the chronic administration of Hcy causes a decrease in CK
activity. A decrease in the CK activity in the brain may be
associated with the disruption of neuronal functions, loss of
hippocampal mossy fiber bodies, and changes in mitochondrial
structure that are typical for pathological conditions, such as
encephalomyopathies (Watanabe et al. 2002), which can be neu-
rological signs found in the severe hyperhomocysteinemia. We
observed that creatine administration prevents the decrease in
CK activity. The enzyme CK and phosphocreatine form an ex-
tremely efficient energy buffering system, serving as a spatial
“energy shuttle” or energy circuit within the cell (Adhihetty and
Beal 2008). We suggest that the beneficial impact of creatine
administration may have occurred as a result of its well-defined
functional improvements on creatine kinase activity.

We assessed the locomotor and/or exploratory function of
the animals by open field task. We did not observe locomotor
and/or exploratory changes in rats subjected by chronic hy-
perhomocysteinemia in this test, indicating that they were able
to carry out the aversive task. The influence of Hcy adminis-
tration on memory was initially investigated in the novel ob-
ject recognition task, which consists a non-aversive task. As a
normal behavior, control rats spent less time on the familiar
object in the test session when compared to the training. When
we compare the training and testing sessions of animals treat-
ed with Hcy, the exploration of the novel object in NOR de-
creased. The Hey group showed a significant reduction in
exploration earlier than the control group in both phases. In
relation to differential exploration between objects in the test
phase, an early decrease in the exploration of the novel object
was observed in the Hey group, also suggesting that low per-
formance in this parameter should be anticipated.
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Fig. 3 Effect of Hcy, creatine, and Hcy plus creatine on step-down
inhibitory avoidance task. Latency to step down the platform in the
training, short-term (3 h), and long-term (7 days) test sessions in the
inhibitory avoidance task. Results are expressed as medians and 25—
75% percentiles. Non-parametric data were analyzed by Kruskal-Wallis
test. Statistical difference as p < 0.05. *Difference from control.
#*Difference between testing and training session. Hcy homocysteine
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The inhibitory avoidance is one of the most widely used
behavioral tasks to assess aversive memory and learning.
Short and long aversive memories were evaluated in the in-
hibitory avoidance task (3 h and 7 days after training ses-
sions). We observe in this test that rats submitted to Hey ad-
ministration exhibit similar behavior to control animals (3 h
and 7 days after training session). When we compare training
and testing sessions of animals submitted to chronic hyperho-
mocysteinemia, we did not observe significant differences. On
the other hand, when comparing the training and testing ses-
sions of animals treated with creatine, we observe that they
learned in 3 h and 7 days after the training.

Correlating our results, some aspects could contribute to
the memory consolidation impairment elicited by Hcy. Some
researchers observed that a reduction of CK activity may po-
tentially impair energy homeostasis, contributing to brain
damage that may lead to cognitive deficits (Burbaeva et al.
1999; Sackeim 2000), such as that observed in this study.

Regarding morphology, we note that the hippocampus may
suffer the insults caused by Hcy, since there are studies show-
ing relevant changes in this structure (Machado et al. 2011; da
Cunha et al. 2012a, b; Kolling et al. 2015). Hippocampal atro-
phy is observed in some studies related to hyperhomocystei-
nemia, and it can be quantified with a computer-assisted anal-
ysis using a magnetic resonance imaging device (Firbank et al.
2010; Shimomura et al. 2011). Thus, we decided to evaluate
the hippocampal impairment, analyzing whether there is any
morphological change in the volume of this structure after the
induction of the severe hyperhomocysteinemia model. In our
study, we observed that control and Hcy groups present similar
mean volumes between right and left hemispheres, demon-
strating that there was no change in hippocampal volume.

Creatine has been shown as a safe approach in the preven-
tion and treatment of central nervous system disorders, such as
neurodegenerative diseases, cognitive impairments, and even
hyperhomocysteinemia (Andres et al. 2008; Allen 2012;
Suresh et al. 2015). Considering that more studies are neces-
sary to establish the effect of creatine on experimental models,
we also evaluated the effect of this compound on impairments
elicited by Hcy administration. Results showed that creatine
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efficiently prevented the deficits in CK activity and the con-
solidation of memory in hyperhomocysteinemic rats, evaluat-
ed by inhibitory avoidance task. To our knowledge, there are a
limited number of studies about the mechanisms involved on
creatine cognition-related effects; thus, our findings may be
identified as a promising study.

We believe that homocysteine levels should be measured in
this study in order to determine whether there is a real decrease
due to the creatine administration. In relation to bioenergetics,
more parameters should be evaluated, as well as CK: how to
check the activity of the enzymes of the respiratory chain,
measure the levels of ATP, and evaluate the activity of Na*,
K*-ATPase, an important enzyme for neuronal excitability.
Furthermore, other morphological evaluations can be carried
out to complement the study in relation to the state that the
hippocampus is after induction of the experimental model.

In summary, in this work we demonstrated for the first time
that Hey alters important parameters of the phosphoryl trans-
fer network in rat brain, as CK. The enzymatic and behavioral
alterations are probably consequences of cell and tissue dam-
ages. Therefore, it is possible to hypothesize that the inhibition
in CK activity associated with changes of other parameters
may contribute to brain damage causing impairment in energy
homeostasis and behavioral and cognitive deficits. If this also
occurs in severe hyperhomocysteinemia, it is possible that
creatine administration might be beneficial to homocystinuric
patients.
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