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Effects of carnosine and hypothermia combination therapy
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Background: Carnosine has antioxidative and neuroprotec-
tive properties against hypoxic-ischemic (HI) brain injury.
Hypothermia is used as a therapeutic tool for HI encephalo-
pathy in newborn infants with perinatal asphyxia. However,
the combined effects of these therapies are unknown.
Purpose: Here we investigated the effects of combined
carnosine and hypothermia therapy on HI brain injury in
neonatal rats.

Methods: Postnatal day 7 (P7) rats were subjected to HI brain
injury and randomly assigned to 4 groups: vehicle; carnosine
alone; vehicle and hypothermia; and carnosine and hypother-
mia. Carnosine (250 mg/kg) was intraperitoneally administered
at 3 points: immediately following HI injury, 24 hours later,
and 48 hours later. Hypothermia was performed by placing
the rats in a chamber maintained at 27°C for 3 hours to induce
whole-body cooling. Sham-treated rats were also included as a
normal control. The rats were euthanized for experiments at
P10, P14, and P35. Histological and morphological analyses,
in situ zymography, terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) assays, and immu-
nofluorescence studies were conducted to investigate the
neuroprotective effects of the various interventional treatments.
Results: Vehicle-treated P10 rats with HI injury showed an
increased infarct volume compared to sham-treated rats during
the triphenyltetrazolium chloride staining study. Hematoxylin
and eosin staining revealed that vehicle-treated P35 rats with HI
injury had decreased brain volume in the affected hemisphere.
Compared to the vehicle group, carnosine and hypothermia
alone did not result in any protective effects against HI brain
injury. However, a combination of carnosine and hypothermia
effectively reduced the extent of brain damage. The results of
in situ zymography, TUNEL assays, and immunofluorescence
studies showed that neuroprotective effects were achieved with
combination therapy only.

Conclusion: Carnosine and hypothermia may have synergistic
neuroprotective effects against brain damage following HI

njury.
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Key message

Question: How can we further improve the neuroprotective
effects of hypothermia in newborns with hypoxic-ischemic
(HI) brain injury?

Finding: Combination carnosine and hypothermia therapy
effectively reduced brain damage in neonatal rats. The in situ
zymography, terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling assay, and immunofluorescence study
results showed that neuroprotective effects were achieved with
combination therapy only.

Meaning: Carnosine and hypothermia have synergistic neuro-
protective effects against brain damage following Hl injury.

Introduction

Hypothermia is known to have protective effects against
hypoxic-ischemic (HI) brain injury in neonatal animal studies.’
Additionally, as a result of large-scale clinical studies of newborns
with HI encephalopathy in the early 2000s, therapeutic hypo-
thermia was found to have effects against brain damage caus-
ed by perinatal asphyxia.*® Subsequently, in 2010, there was
an international consensus regarding the application of hypo-
thermia for newborns with HI encephalopathy.® Currently,
therapeutic hypothermia has been established as a standard
treatment strategy for HI encephalopathy, and it is used for full-
term and some near-term infants with moderate to severe HI
encephalopathy.”® The neuroprotective actions of hypothermia
comprise multifactorial mechanisms, including the reduction of
the cell metabolic rate, prevention of high-energy phosphorus
compound deficiency, inhibition of excitatory amino acids and
inflammatory cytokines, and suppression of programmed cell
death and microglial activation at different stages of neuronal
cell damage.” Hypothermia is the only treatment method of
newborns with HI brain injury, but the therapeutic benefits are
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“In a rat model, carnosine and hypothermia have synergistic
neuroprotective effects against brain damage following HI injury.”
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still limited.!®!? Recently, combination therapies involving
hypothermia and adjunctive agents, including phenobarbital,'®
topiramate,'? erythropoietin,' and xenon,'® have been report-
ed to have better therapeutic effects than hypothermia alone.
Carnosine is an endogenous dipeptide (B-alanyl-I-histidine) that
is distributed in several parts of the body, including the skeletal

17.18) Recently, carnosine

and cardiac muscles and nervous tissues.
has been shown to have neuroprotective effects against HI brain
injury in laboratory and animal studies. In cultured cortical astro-
cytes under ischemic conditions, carnosine showed the ability to
preserving mitochondrial functions by decreasing the intracellular
metabolism during the HI phase and improving cell viability by
increasing energy production during the reperfusion phase.!”
In cultured neurons/astrocytes exposed to oxygen glucose
deprivation/recovery, carnosine exhibited neuroprotective effects
by regulating extracellular glutamate and gamma-aminobutyric
acid levels and mitochondrial energy metabolism.?” During the
study of the mouse model, carnosine alleviated brain damage by
mechanisms such as inhibiting reactive oxygen species (ROS) and
matrix metalloproteinase (MMP) expression of HI lesions and
maintaining glutathione activity.!

Thereafter, this study investigated whether carnosine has
additional neuroprotective effects on induced HI brain injury
in neonatal rats when used in combination with hypothermic
therapy.

Methods

1. Experimental protocol

The study protocol and all experimental procedures were
approved by the institutional animal research and ethics com-
mittee of Keimyung University School of Medicine (approval
number: KM-2014-15). Neonatal Sprague-Dawley rats (Koatech-
Harlan, Pyeongtaek, Korea) with a body weight of 14 to 18 g at

postnatal day 7 (P7) were used during this study. Anesthesia with
isoflurane was administered to induce ischemic brain damage in
the rats. After exposing the right common carotid artery of the rat,
itwasisolated and cut between the double ligations. After surgery,
the rats were allowed to recover with the dam for 60 minutes in a
cage. Hypoxic injury was caused by placing rats in a chamber at
37°Cwith a flow of mixed gas comprising 8% humidified oxygen
and 929% nitrogen for 90 minutes under positive pressure.

The study included 2 protocols: protocol I was involved
the administration of carnosine or vehicle after HI injury
and hypothermic therapy and protocol II involved the
administration of carnosine or vehicle after HI injury without
hypothermic therapy (Fig. 1). After inducing brain damage,
the rats were transferred to a cage; after 15 minutes, carnosine
or vehicle was administered; and rats were allowed to recover
with the dam for 60 minutes. Carnosine (Sigma-Aldrich, Seoul,
Korea) was dissolved in distilled water and intraperitoneally
administered immediately after HI injury, at a dose of 250 mg/
ml/kg. Additionally, after 24 hours and 48 hours, carnosine or
vehicle was administered a total of 3 times. Hypothermia was
performed by placing the rats in a chamber maintained at 27°C
for 3 hours to induce whole-body cooling. The study was divided
into the following 4 groups (n=8-9 per group): vehicle-treated
HI group; carnosine-treated HI group; HI group with vehicle
and hypothermia; HI group with carnosine and hypothermia.
Sham-treated rats, they were not subjected to any HI injury and
included in the study as normal control.

2. Histological and morphological studies

Experimental rats were euthanized by decapitation at P10 (3
days after Hl injury). Brains were dissected out immediately, and
coronal-sectioned specimens were prepared with a thickness of
1 mm using razor blades. They were then stained with 296 2,3,5
triphenyltetrazolium chloride (TTC) solution for 30 minutes at
37°C, fixed with formalin solution, and photographed with a
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digital camera; the cerebral infarction size was measured using
an Image ] program (version 1.45; http://rsbweb.nih.gov/ij/
download.html; National Institute Health, Bethesda, MD, USA).
The extent of brain infarction was expressed as a percentage of
the corresponding area on the undamaged cerebral hemisphere
to correct brain edema by the injury.

Experimental rats were also euthanized by decapitation at
P35 (4 weeks after HI injury). Brains were dissected out and
immediately cooled. Subsequently, 14-um-thick coronal slices
were prepared using a cryostat (MEV, Mainz, Germany). Sample
slides were fixed in formalin for 30 minutes; then, hematoxylin
and eosin (H&E) staining was performed. The brain damage
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Fig. 2. Histological analysis of hypoxic-ischemic (HI) brain injury in experimental rats. (A)
Representative sections of the brain stained with triphenyltetrazolium chloride (TTC) showing
infarction areas in P10 rats. Compared to the vehicle (VEH) group, cerebral infarction was
significantly reduced with combined carnosine (CARN) and hypothermia (HYPO) therapy. (B) Brain
damage findings observed using hematoxylin and eosin staining in P35 rats. Compared to VEH
group, brain atrophy was significantly reduced according to the image analysis when a combination
of CARN and HYPO was used. P10, postnatal day 10; P35, postnatal day 35; a, sham-treated; b,
VEH-treated HI group; ¢, CARN-treated HI group; d, HI group treated with VEH and HYPO; e, HI
group treated with CARN and HYPO. *P<0.05 vs. VEH-treated HI group.
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image was obtained with an optical microscope and digital
camera. The brain damage contour was examined using an ima-
ge analyzer, and the extent of cerebral atrophy was evaluated and
compared with the undamaged hemisphere.

3. Insituzymography

After euthanizing the rats, they were perfused with phosphate-
buffered saline (PBS) and brains were rapidly dissected out and
frozen in 2-methylbutane and liquid nitrogen. Brain tissue was
prepared as section specimens of 14 pm using a cryostat, placed
in an incubator at 37°C for 18 hours according to the instructions
of the gelatinase activity assay kit (Enz-Check kit; Invitrogene,
Waltham, MA, US), and then examined by fluorescence micro-

SCOpY.

4, Terminal deoxynucleotidyl transferase-mediated dUTP nick

end-labeling assay

After euthanizing the rats, they were perfused with PBS and
brains were dissected out and frozen in 2-methylbutane and
liquid nitrogen. Brain tissue was prepared as section specimens
with a thickness of 14 um using a cryostat. Tissue samples were
fixed with 10% formalin solution and washed 3 times with PBS.
After following the instructions of the terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) staining
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Ipsilateral

Control

VEH

CARN

CARN + HYPO VEH +HYPO

cortex

kit (Roche Diagnostic, Indianapolis, IN, USA) and, adding
the reaction solution to the sample tissue, diaminobenzidine
substrate solution was added to detect chromogenic apoptosis.
Then, the samples were examined using microscopy.

5. Immunofluorescence

After euthanizing the rats, they were perfused with PBS, and
49 paraformaldehyde (PFA) solution were used to fix the brain
tissue. Brains were rapidly dissected out and further fixed with
49 PFA solution; they were soaked with 15% and 30% sucrose
solution for 24 hours before freezing, Brain tissue was prepared
as section specimens with a thickness of 20 um using a cryostat.
Slides were prepared and stored in a deep freezer. Samples
were blocked with PBS containing 0.3% Triton X-100 and 3%
normal goat serum. Subsequently, primary antibodies, such as
anti-neuronal nuclear antigen (anti-NeulN) (1:100; Millipore,
Bedford, MA, USA) or anti-glial fibrillary acidic protein (anti-
GFAP) (1:200; Millipore), were added to the sample and
incubated at 4°C for 18 hours. During the next step, a secondary
antibody, anti-mouse tetramethylrhodamine-5-isothiocyanate
(1:100; Jackson ImmunoResearch, West Grove, PA, USA) was
added to the sample and incubated for 30 minutes. Then, the
sample was washed with PBS and examined using fluorescence
MICroscopy.
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Fig. 3. Gelatinolytic activity of hypoxic-ischemic (HI) brain lesions detected with in situ zymography
in experimental rats. Gelatinase activity of the affected cerebral cortex and corpus striatum
increased compared to that of the contralateral sides of the vehicle (VEH) group of P14 rats.
Compared to the VEH group, gelatinolysis did not decrease with carnosine (CARN) or hypothermia
(HYPO) alone. However, combined CARN and HYPO therapy reduced enzyme activity. P14, postnatal
day 14; A and B, sham-treated; C and D, VEH-treated HI group; E and F, CARN-treated HI group; G
and H, HI group treated with VEH and HYPO; | and J, HI group treated with CARN and HYPO. Scale

bar =500 um.
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6. Statistical analysis

Data were analyzed using a 1-way analysis of variance and
Tukey honestly significant difference test. P<0.05 was consi-
dered statistically significant.

Results

1. Histological and morphological findings

In the vehicle group of P10 rats, the cerebral infarction area
after Hl injury evaluated by TTC staining was 21.9%+3.9%. The
infarct volume did not decrease significantly with carnosine alone
(17.5%=*4.6%) or hypothermia alone (18.8%=+5.2%). Com:-
bined carnosine and hypothermia therapy decreased the infarct
size (10.6%0+3.49%) compared with vehicle (P<0.05) (Fig. 2A).

Cerebral atrophy was examined using histological image
findings of H&E stained brain samples of P35 rats. The atrophy
area did not decrease significantly with carnosine alone (91.4%
+129%) or hypothermia alone (87.1%z=11.5%). However, com-
bined carnosine and hypothermia therapy significantly decreased
the lesions of the affected cerebral hemisphere (67.1%+9.7%)
compared with vehicle (P<0.05) (Fig. 2B).
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2, Gelatinolytic activity evaluated by /in situzymography

In the vehicle group of P14 rats, gelatinolytic activity, detect:
ed with in situ zymography, of the affected cerebral cortex and
corpus striatum increased compared to that of the contralateral
sides. Although gelatinolysis did not decrease with carnosine
alone or hypothermia alone, combined carnosine and hypother-
mia therapy reduced the enzyme activity compared with vehicle
(Fig. 3).

3. Apoptosis evaluated by TUNEL assay

In the vehicle group of P14 rats, TUNEL-positive cells were
increased in the affected cerebral cortex compared to the con-
tralateral sides. Although TUNEL-positive cells did not decrease
with carnosine alone or hypothermia alone, combined carnosine
and hypothermia therapy markedly reduced neuronal apoptosis
compared with vehicle. Apoptotic activity was observed even
in P35 rats at 4 weeks after injury, and it was also alleviated by
combined carnosine and hypothermia therapy (Fig. 4).

4, Neuroprotective effects evaluated by immunofluorescence
staining
Expression of NeuN-positive cells of the cerebral cortex and
corpus striatum in the P35 vehicle group was decreased compared
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Fig. 4. Apoptosis of hypoxic-ischemic (HI) brain lesions detected by terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) staining in experimental rats. TUNEL-positive
cells were increased in the affected cerebral cortex compared to the contralateral sides of the
vehicle (VEH) group of P14 rats. Compared to the VEH group, TUNEL-positive cells did not decrease
with carnosine (CARN) or hypothermia (HYPO) alone. However, combined CARN and HYPO therapy
reduced neuronal apoptosis. Apoptotic activity was observed even in P35 rats and was alleviated by
combined CARN and HYPO therapy. P10, postnatal day 10; P35, postnatal day 35; A and B, sham-
treated group; C and D, VEH-treated HI group; E and F, CARN-treated HI group; G and H, HI group
treated with VEH and HYPO; I and J, HI group treated with CARN and HYPO. Scale bar = 500 pym.
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Fig. 5. Immunofluorescence findings of hypoxic-ischemic (HI) brain lesions in experimental rats.
(A) Expression of neuronal nuclear antigen (NeuN). Neuronal cells of the cerebral cortex and corpus
striatum in the P35 vehicle group were decreased compared to sham-treated rats. Compared to
vehicle (VEH) group, carnosine (CARN) or hypothermia (HYPO) alone did not prevent NeuN-positive
cell loss. However, combined CARN and HYPO therapy reduced neuronal cell loss. (B) Expression of
glial fibrillary acidic protein (GFAP). Glial cells of the cerebral cortex and corpus striatum in the P35
VEH group were increased compared to sham-treated rats. Compared to the VEH group, CARN
or HYPO alone did not prevent an increase in GFAP-positive cells. However, combined CARN and
HYPO therapy suppressed gliogenesis. P35, postnatal day 35; a and b, sham-treated; c and d, VEH-
treated HI group; e and f, CARN-treated HI group; g and h, HI group treated with VEH and HYPO; i
and j, HI group treated with CARN and HYPO. Scale bar = 500 pm.

to sham-treated rats. Carnosine alone or hypothermia alone
did not prevent NeuN-positive cell loss. However, combined
carnosine and hypothermia therapy reduced neuronal cell loss
compared with vehicle (Fig. 5A).

Expression of GFAP-positive cells of the cerebral cortex
and corpus striatum in the P35 vehicle group was increased
compared to sham-treated rats. Although carnosine alone or
hypothermia alone did not prevent an increase in GFAP-positive
cells, combined carnosine and hypothermia therapy suppressed
gliogenesis compared with vehicle (Fig. 5B).

Discussion

When comparing the brain development status between
rats and humans according to postnatal age, 7-day-old rats are
equivalent to term infants, and 10-day-old rats are closely related

2223) Moreover,

to infants with 4042 weeks gestational age.
rats at 15-day-old are equivalent to a few months to 1 year old
infants, and rats at 28-33 days-old are correspond to 2-year-

old infants.?>? In this study, combination therapy for P7 rats

with HI brain injury started with the first dose of carnosine
administered immediately after the injury. Subsequently, hypo-
thermia was applied for 3 hours; then, secondary and tertiary
doses of carnosine were administered. After these interventional
treatments, the therapeutic effect against brain damage was
evaluated in ratsat P10, P14, and P35 based on the morphological
and histological findings of the affected parts. In morphological
evaluation, carnosine alone and hypothermia alone did not
show any protective effects against HI brain injury. However, a
combination of carnosine and hypothermia morphologically
reduced the extent of brain lesions compared with vehicle.
Additionally, the results of in situ zymography, TUNEL assays,
and immunofluorescence studies showed that neuroprotective
effects were achieved with only combined therapy.

According to studies of neonatal rats, neuroprotective effects
of hypothermia against HI brain damage vary depending on the
severity of HI injury, and is also affected by the onset of cooling
and the duration of hypothermia.>*2%) Sabir et al.'? reported that
5-hour hypothermic therapy for 7-day-old rats with a moderate
HI injury is most effective when applied immediately after injury,
when applied up to 6 hours after injury, the infarct area increases
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by 1.8% per hour. However, when hypothermic therapy is
applied at 12 hours or more after injury, has no neuroprotective
effects. Additionally, for rats with a severe Hl injury, hypothermia
had no protective effects immediately or within 6 hours after
injury. Neuroprotective effects of 3-hour hypothermia after
inducing HI insults in 7-day-old rats differ according to the
severity of the injury. Tresche et al."” reported that there were
neuroprotective effects in rats with a mild HI injury, whereas Liu
et al." pronounced that there were no therapeutic effects was
expressed in rat with moderate HI injury. In the experimental
protocol of this study, neonatal rats were exposed to hypoxia
for 90 minutes after ligation of a carotid artery, resulting in
moderate HI brain damage,'? and then the rats were exposed to
the environment of 27°C to lower the target rectal temperature
to 28°C,' and the cooling is applied for 3 hours. Therefore, it is
considered that neuroprotective effects were not observed with
hypothermia alone because cooling was performed for only 3
hours for moderately severe brain injury. In future studies, if a
cooling time of 5 hours or more is applied, hypothermia alone is
expected to have therapeutic effects.!?

During a study of a neonatal rat model by Zhang et al
carnosine was administered as a dose of 250 mg/kg intraperi-
toneally 3 times immediately after HI injury, 24 hours later, and
48 hours later. During the evaluation of brain tissues approxi-
mately 72 hours after the injury, administration of a series of
carnosine doses showed neuroprotective effects by lowering the

24)
)

concentration of prostaglandin F2a in brain tissue and reducing
expression levels of neuronal apoptosis and mitochondrial
caspase-3 protein. In this study, carnosine was administered
according to an existing reported protocol,” but the use of
carnosine alone had no neuroprotective effects. Other studies
of rodent models have reported that the neuroprotection of
carnosine after HI injury is concentration-dependent and the
protective effect is evident when at high doses of 500 t01,000
mg/kg were used or when doses were administered prior to brain
damage.'$?1?) Therefore, it may be necessary to increase the
dosage of carnosine and evaluate the changes in neuroprotective
effects bases on the blood concentrations of the therapeutic
agent.

To enhance the brain-protective effects of hypothermia after
HI injury, several studies have been conducted to determine
whether the administration of combined hypothermia and
adjuvant agents has synergistic effects on neuroprotection. Liu
etal." reported that topiramate administered immediately after
HI injury extends the therapeutic window for hypothermia-
mediated neuroprotection in a neonatal rat model. In their study
that evaluate the brain volume showing cerebral infarction and
atrophy after HI injury, topiramate alone and hypothermia
alone had no neuroprotective effects; however, a combination
of topiramate and hypothermia significantly reduced the extent
of cerebral lesions. Martin et al.'® studied a neonatal rat model
with HI injury and reported that asynchronous administration
of xenon after hypothermia had a synergistic effect on neuro-
protection. In their study, the extent of cerebral infarction after

HI injury did not decrease with hypothermia alone or xenon
alone, but the lesion size was significantly reduced when xenon
was administered asynchronously at 1- or 5-hour intervals after
hypothermia.

In this study, interventional measures performed after the
injury had no therapeutic effects with hypothermia alone or
adjuvant alone, and protective effects were observed with
combined administration, similar to other studies of neonatal
rat model of HI brain injury.!%1¢
of carnosine and hypothermia, gelatinolysis in the brain tissue
of the affected side decreased. Neuronal apoptosis was reduced
approximately 1 week after the injury, and this reduction was
observed even after 4 weeks. Additionally, loss of neuronal cells
and gliogenesis of the lesion were suppressed by a combined

) After combined administration

therapy. This study had some limitations. First, according to
the protocol, hypothermia was applied to decrease the target
temperature to 28°C, but the rectal temperature of all rats used in
this study was not measured. Furthermore, quantitative analyses
of histological changes in brain lesions following therapeutic
measures were not performed.

In this study, carnosine was repeatedly administered before
and after hypothermia; however, the cellular or molecular
mechanisms of carnosine that would increase the neuropro-
tection of hypothermia is uncertain. Presumably, it is likely
related to various biological roles of carnosine against HI injury,
including inhibiting ROS and MMP expression and suppressing
microglial activation and neuronal apoptosis.?-*

In conclusion, the combined carnosine and hypothermia
therapy in a neonatal rat model of HI injury synergistically
reduced the extent of brain injury. Therefore, it could be a
therapeutic strategy for Hl encephalopathy of newborns. Further
research is needed to elucidate the molecular mechanisms
associated with their neuroprotective functions.
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