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Abstract Cerebral oxidative stress (OS) contributes to

the pathogenesis of hepatic encephalopathy (HE). Existing

evidence suggests that systemic administration of L-his-

tidine (His) attenuates OS in brain of HE animal models,

but the underlying mechanism is complex and not suffi-

ciently understood. Here we tested the hypothesis that

dipeptide carnosine (b-alanyl-L-histidine, Car) may be

neuroprotective in thioacetamide (TAA)-induced liver

failure in rats and that, being His metabolite, may mediate

the well documented anti-OS activity of His. Amino acids

[His or Car (100 mg/kg)] were administrated 2 h before

TAA (i.p., 300 mg/kg 39 in 24 h intervals) injection into

Sprague–Dawley rats. The animals were thus tested for:

(i) brain prefrontal cortex and blood contents of Car and

His, (ii) amount of reactive oxygen species (ROS), total

antioxidant capacity (TAC), GSSG/GSH ratio and thiore-

doxin reductase (TRx) activity, and (iii) behavioral changes

(several models were used, i.e. tests for reflexes, open field,

grip test, Rotarod). Brain level of Car was reduced in TAA

rats, and His administration significantly elevated Car

levels in control and TAA rats. Car partly attenuated TAA-

induced ROS production and reduced GSH/GSSG ratio,

whereas the increase of TRx activity in TAA brain was not

significantly modulated by Car. Further, Car improved

TAA-affected behavioral functions in rats, as was shown

by the tests of righting and postural reflexes. Collectively,

the results support the hypothesis that (i) Car may be added

to the list of neuroprotective compounds of therapeutic

potential on HE and that (ii) Car mediates at least a portion

of the OS-attenuating activity of His in the setting of TAA-

induced liver failure.

Keywords Hepatic encephalopathy � Oxidative stress �
Neuroprotection � Histidine � Carnosine � Righting reflex �
Postural reflex

Introduction

Acute or chronic liver failure leads to the development of

HE [1] which is currently defined as a complex neu-

ropsychiatric syndrome in which an increase of blood and

brain ammonia concentration seems to be a main causative

factor [2–4]. In both humans suffering from HE and ani-

mals with induced HE, brain edema is a dominating fatal

consequence of elevated ammonia and other pathogens

involved (e.g. inflammation, hyponatremia, hemorrhage,

etc.) [5, 6]. It is well established that OS ensuing excessive

generation of reactive oxygen species, is a major contrib-

utor to brain edema and other pathogenic events in HE or

hyperammonemia [7–9].

Carnosine (b-alanyl-L-histidine, Car) is present in vari-

ous organs and tissues including the central nervous sys-

tem, and can easily enter the brain from the periphery [10].

There are reasons to assume that cell protective potential of

Car relies on its antioxidant activity, mediated by different

mechanisms involving metal chelation, scavenging ROS

and/or peroxyl radicals. Indeed, Car has a well-documented

neuroprotective action against OS associated with cerebral

ischemia, stroke or subarachnoid hemorrhage [11–13] and
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5 Str, 02-106 Warsaw, Poland

2 Behavior and Metabolism Research Laboratory,

Mossakowski Medical Research Centre, Polish Academy of

Sciences, Pawińskiego 5 Str, 02-106 Warsaw, Poland

123

Neurochem Res (2016) 41:376–384

DOI 10.1007/s11064-015-1821-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-015-1821-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-015-1821-9&amp;domain=pdf


has been ascribed a wide range of cells protective proper-

ties in peripheral tissues [14]. With regard to the issue of

liver failure, Car has been reported to prevent TAA- and

carbon tetrachloride-induced liver injury in rats [15, 16].

Here we tested the hypothesis that Car may be likewise

neuroprotective in TAA-induced liver failure. The brain

OS parameters studied included: reactive oxygen species

(ROS), total antioxidant capacity (TAC), GSH/GSSG ratio

and thioredoxin reductase (TRx) activity. We also carried

behavioral tests, analyzing cognitive and motor functions

which are typically impaired in the setting of HE [17, 18].

Car remains in a reversible precursor-product relation-

ship with His [for a review see [19], which prompted us to

speculate that in the in vivo setting, administration of one

or the other may evoke similar effects on brain metabolism

and function. With regard to His, there is an evidence to

suggest that its systemic administration may be a poten-

tially useful treatment modality for the brain edema asso-

ciated with HE [20]. The effect of His was primarily

ascribed to the inhibition of excessive L-glutamine trans-

port to mitochondria (the ‘‘Trojan Horse’’ hypothesis) [21,

22]. However, His is also known for its antioxidant action

[23, 24]. Moreover, studies from our laboratory have

shown that His also prevents reduction of glutathione

content in brain mitochondria of TAA rats [25] and

increases the total antioxidant capacity (TAC) of TAA rat

brain [26]. In the same TAA model of HE, intraperitoneal

(i.p.) administration of His lowered brain concentration of

asymmetric dimethyl arginine (ADMA), an endogenous

nitric oxide synthases (NOS) inhibitor and increased total

activity of NOS, as was analyzed in brain homogenates

[27]. The measurement of His concentration in brain

homogenates from rats administered with His, revealed no

significant increase of its content, despite well-evidenced

protective effects [27]. Thus, we assumed that at least some

of the protective effects of His administration on parame-

ters connected with OS in TAA-induced HE in rats, may be

due to the action of Car. Specifically, Car as a His

metabolite, may contribute to the anti-OS activity of His in

this condition.

Materials and Methods

Materials

The primary antibody CARNS-1 were from Proteintech

Group, Inc., USA. carboxy-H2DCFDA was from Life-

Technologies, USA. Total Antioxidant Capacity kit was

from Cell Biolabs, USA. Secondary GAPDH antibody,

thioacetamide, histidine, carnosine and all other chemicals

and kits were bought from Sigma-Aldrich Chemical Co.

(Steinheim, Germany).

HE Model

Adult male Sprague–Dawley rats, weighing 250–280 g

were housed in temperature and light controlled housing

and given free access to food and water. All experiments

were performed with agreement of local animal ethical

committee that approved the experimental design. ALF

was induced by three intraperitoneal (i.p.) injections of

thioacetamide (TAA); 300 mg/kg body weight, at 24 h

intervals [28]. His or Car at a dose of 100 mg/kg was

injected i.p., 2 h before each TAA administration. Control

rats were analogically injected with sodium saline solution.

Animals were sacrificed 24 h after the last injection toge-

ther with the onset of acute HE symptoms, including ele-

vated blood and brain ammonia level. Isolated brain tissue

(prefrontal cortex) was rapidly homogenized in a buffer

appropriate to each protocol or frozen at -80 �C.

HPLC Analysis

The brain cortex and plasma His and b-Ala (not shown)

concentration were analyzed using HPLC with fluorescence

detection after derivatization in a timed reaction with

o-phthalaldehyde plus mercaptoethanol, as described earlier

[27]. Samples (50 lL) were injected onto 150 9 4.6 mm

5 lm Hypersil ODS column, eluted with a mobile phase of

0.075 M KH2PO4 solution containing 10 % (v/v) methanol,

pH 6.2 (solvent A), and methanol (solvent B). The methanol

gradient was 20–70 % and the elution time was 20 min.

Carnosine (Car)was separated using amobile phase of 0.3 M

sodium acetate with methanol (3/1, v/v) pH 5.5 and row rate

1.5 ml/min, as described by [29].

Total Antioxidant Capacity

Total antioxidant capacity (TAC) was determined using an

OxiSelectTM Total Antioxidant Capacity Assay Kit (Cell

Biolabs, USA). Fresh tissue was homogenized (1/5; w/v) in

Assay Buffer, centrifuged (12,0009g, 15 min, 4 �C) and

supernatant was used to analysis of TAC and protein level.

The TAC Assay based on the reduction of copper (II) to

copper (I) by antioxidants. Approx. 30 lg of protein was

used in reaction mixture, after reduction the copper (I) ion

reacts with a coupling chromogenic reagent that produces a

color detected spectrophotometrically at 490 nm. The net

absorbance values were compared with a known uric acid

standard curve. Results were expressed as ‘‘mM Uric Acid

Equivalents/mg of protein’’.

Thioredoxin Reductase Activity

Thioredoxin Reductase (TrxR) activity was measured using

a Thioredoxin Reductase Assay Kit (Sigma-Aldrich,
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Germany) according to the manufacturer’s protocol. Tissue

was homogenized (1/5; w/v), centrifuged (12,0009g,

5 min, 4 �C) and supernatant was used for analysis of

enzyme activity and protein determination. Protein extract

was used in a reaction mixture, addition of 5,5-dithiobis-(2-

nitrobenzoic acid) (DTNB) solution initiated the reaction

and the change in absorbency caused by 2-nitro-5-

thiobenzoic acid (TNB) production was measured after

1 min at 415 nm. The results are presented as nmol TNB/

min/mg of protein.

Reactive Oxygen Species Determination

The total content of the ROS species was determined with

fluorimeter using a fluorescent probe, 5-(and-6)-carboxy-

20,70-dichlorodihydrofluorescein diacetate (carboxy-H2-

DCFDA) (Life Technologies, USA). Fresh brain cortex tis-

sue was homogenized (1/5; w/v) in Locke buffer (154 mM

NaCl, 5.6 mM KCl, 1.0 mM MgCl2, 2.3 mM CaCl2,

8.6 mMHEPES, 5.6 mMglucose, 0.1 mMglycine, pH 7.4).

Homogenate were than diluted 10 times and divided into two

parts. First were incubated in dark (15 min, 25 �C) with

10 lMfluorescent probe second with corresponding volume

of DMSO. 200 lL of solution were used to measure the

fluorescence intensity at an excitationwavelength of 485 nm

and emission wavelength of 515 nm (FLUOstar OMEGA,

BMG Labtech, USA). Fluorescence intensity were directly

proportional to the intracellular ROS. The results are pre-

sented as fluorescence intensity/mg of protein.

GSSG/GSH Determination

Oxidized and reduced glutathione were measured using

Quantification kit for oxidized and reduced glutathione

(Sigma-Aldrich, Germany) according to the manufacturer’s

protocol. Briefly, 100 mg of tissue were homogenized in

0.75 ml of 5 % SSA and centrifuged at 80009g, 10 min,

4 �C. The supernatant was transferred to a new tube and SSA

concentration was reduced to 0.5 % by addition of ddH2O.

40 ll of samples and GSH and GSSG standards were added

into microplate. For determination of GSSG only the

‘‘masking reagent’’ binding GSH was added to part of the

samples. After incubationwith buffer solution 1 h, 37 �C the

20 ll of coenzyme solution and enzyme solution was added

to each well. GSSG and total glutathione (GSH ? GSSG)

were determined detected spectrophotometrically at

415 nm. The GSH was quantified using following equation:

GSH = total glutathione - GSSG 9 2.

Western Blot

The CARNS-1 protein content in rat brain cortex was

determined by Western blotting. The brain tissue were

homogenized in Triton Lysis Buffer (20 mM Tris pH 6.8,

137 mM NaCl, 2 mM EDTA, 1 % Triton X-100, 0.5 mM

DTT, 1 mM PMSF) containing Protease Inhibitor Coctail

(Sigma-Aldrich, Germany) and Phosphatase Inhibitor

Cocktail (Sigma-Aldrich, Germany). The homogenate was

centrifuged for 20 min at 12,0009g, 4 �C. Equal amounts

of protein (30 lg) were separated on 10 % SDS–poly-

acrylamide gel and transferred onto nitrocellulose mem-

brane. The membranes were incubated over-night with an

anti-CARNS1 antibody (1:400; Proteintech, USA),

washed, incubated with HRP-conjugated anti-rabbit IgG

(1:8000; Sigma-Aldrich, Germany), and developed using

West-Pico Chemiluminescence Substrate (Pierce, Rock-

ford, USA). After stripping, the blots were incubated with

an anti-GAPDH antibody for 1 h (1:10,000; Sigma-

Aldrich, Germany) and developed as described above. The

chemiluminescent signal acquisition and densitometry

analysis were conducted using the G-Box system (Syn-

Gene, USA) and GeneTools software (SynGene, USA),

respectively. Results were presented as % of control.

Behavioral Analysis

A total of 70 animals were used. These were injected as

described above and represented TAA (n = 20), TAA-Car

(n = 20), Car (n = 15), and control (n = 15) groups.

Behavioral experiments were divided into sessions before

(baseline) and after intraperitoneal injections of TAA and/

or Car or saline (Fig. 1). Sessions were divided into: eve-

ning (e), 3 h post last injection (p.i.), and morning (m),

20 h p.i. parts. Session 3 had additional night (n), 9 h p.i.,

and evening (e2), 27 h p.i., parts. Session 4 was performed

7 days after the first injection. The experimenters were

blind to the animals’ treatments. Before the experiments,

the rats were handled 3 times for 2 min.

The impact of TAA and TAA-Car on six reflexes was

analyzed during sessions 1 m, 2 m, 3 e, 3 n, 3 m, and 4 m.

Righting reflex (RR) [30–32], where rats were grabbed by

the scruff and the base of the tail, flipped on their back, and

put in a supine position into the test cage without bedding

and released. The time required to achieve prone posture,

with all four paws on the floor, was measured with maxi-

mal time of 3 s. Other reflexes [30] were scored with a

scale of 2-1-0, where 2 is a normal, healthy state, 1 sig-

nifies a presence of a response but different from normal,

and 0 is a lack of a response/reflex. Startle reflex, analo-

gous to scatter reflex [33, 34], experimenter clapped his

hands above the cage and the startle reaction to this sudden

stimulus was scored, 2—strong startle reaction, 1—rat

reacts to the noise but is not startled, 0—no reaction.

Postural reflex (PR) [30, 35], test cage was held by the

experimenter and vigorously moved in vertical and hori-

zontal motion. The ability of the rat to maintain balance
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was scored as: 2—rat has the legs extended, with four paws

almost all the time on the floor and uses tail to balance,

with maintained upright position, 1—rat struggles to

maintain balance or briefly loses balance, 0—rat cannot

maintain balance and rolls. Whisker-orienting reflex [30],

freely moving rats’ whiskers were stimulated by gentle

stroking with a rod. Response to the stimulus was scored,

2—head twisting, stopping whiskers’ moves, 1—only

moving whiskers stopped but no head motion, 0—rat does

not move whiskers at all, indifferent to stimuli. Ear twitch

reflex [30], rat’s ear was stimulated by a rod and the

response was scored, 2—rat pulls back ear or twitches it

and/or moves the head, 1—rat responds very briefly by

moving ear, 0—no ear movement observed. Eye blink

reflex [30, 36], the rat’s eye was gently poked by a water-

moistened swab and reaction was scored, 2—the eye is

wide open and is closed then the swap is near or touches it,

1—the eye is half open but eyelids close when touched, no

preliminary eye shutting when swab is close, 0—eyes are

permanently opened or closed, minimal or none eyelid

movement when touched.

Open field (OF) was performed during sessions: Be, 1e,

2e, 3e, 3n, 3e2, and 4e. OF dimensions were

55 9 55 9 50 cm. Rats were gently placed in the corner of

the OF floor facing the walls. Recording lasted for 5 min.

After each trial, the apparatus was cleaned with 10 %

ethanol solution. Animal behavior was recorded with

Basler acA1300-60 GigE (Bassler AG, Germany) camera

and scored using Ethovision XT 10 (Noldus Information

Technology, Netherlands). Mean velocity (in cm/s) and

total distance moved (cm) were measured [37–39]. Rotarod

(Accelerating Rota-Rod 7750, TSE systems, Germany) test

was performed on Be, 1e, 2e, 3e, 3n, 3e2, and 4e sessions.

The test was preceded by habituation to the device by

placing the rat on a stationary cylinder for 30 s and

thereafter for 2 min with a constant low speed rotation

(4 rpm). The animals that fell from the rod were placed

again on it until they were able to stay for 60 s. This

procedure was performed for 2 days prior to the test. After

this the animals were tested in accelerating conditions. The

cylinder accelerated from 4 to 40 rpm in 300 s. The time of

the trial was scored when the rat fell from the cylinder,

spun with the cylinder three times consecutively without

walking or reached 500 s without falling. The device was

cleaned with 10 % ethanol solution between animals [40].

Grip Test (Bioseb BP, In Vivo Research Instruments,

France) was done in sessions Bm, 1 m, 2 m, 3n, 3 m and

4 m. To measure the forepaw grip strength of the rat the

animal was held by its trunk and the base of the tail. Then it

was guided onto a metal grid (0.5 cm square opening)

attached to a force transducer and encouraged to grab it

with forepaws only. Then it was steadily pulled backwards

until it lost hold of the grid. Three measurements in new-

tons per rat were taken with at least 1 min of interval

between trials to let the animal rest [41, 42].

Protein Determination

Protein content was determined using BCA Protein Assay

Kit (Thermo-Scientific, USA) according to manufacturer’s

protocol.

Statistical Analysis

The results were expressed as mean ± SD or SEM (for

behavioral testing, Fig. 7). Differences among experimen-

tal groups were evaluated using Mann–Whitney test or

one-way ANOVA analysis of variance with post hoc

Bonferroni’s test using Prism 3.0 software, p value lower

than 0.05 was considered statistically significant.

Results

Carnosine (Car) concentration in brain cortex homogenate

from TAA rats was decreased by *15 % (Table 1). His

administration increased Car concentration in brain

homogenate from control rats by *25 %, and abolished

the reduction of Car content in TAA rats (Table 1).

Otherwise, an i.p. administration of Car did not change its

concentration measured in the brain homogenates, nor

concentration of His (Table 1). The level of Car measured

in the plasma of all experimental groups was under the

detection limit (data not shown).

As was shown previously, TAA treatment increased

almost twice the ROS production in rat brain cortex.

Fig. 1 Schematic plan of behavioral sessions and TAA/Car/saline i.p. injections during several days (D). More information in the text
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Administration of Car significantly reduced TAA-induced

ROS formation and tended to decrease ROS content in

control rats (Fig. 2). In agreement with earlier reported

data [26], the total antioxidant capacity (TAC) in brain

homogenates from TAA rats was increased by *50 %.

While administration of His or Car did not affect TAC in

control brains, each potentiated TAC in TAA -affected

brain (Fig. 3). TrxR activity in brain homogenates of TAA

rats was increased by *75 %, and Car treatment signifi-

cantly reduced the increase (Fig. 4).

Although total glutathione content did not significantly

differ between all groups (Fig. 5a), an increase of oxidized

form of glutathione (GSSG) was observed in TAA homo-

genates (Fig. 5b). The GSSG/GSH ratio was elevated by

*35 % in TAA group of rats, and Car reversed this change

(Fig. 5b). Administration of Car resulted in reduction of

the GSSG/GSH ratio by *25 % in control rats, proving its

protective effect against glutathione oxidation.

The protein expression of carnosine synthase-1

(CARNS-1), the enzyme converting His and b-alanine to

Car, was increased in TAA rat brain (Fig. 6). Systemic

administration of Car or His did not influence the CARS-1

protein content (Fig. 6).

For RR (Fig. 7a), there was a difference between TAA

and TAA-Car animals during sessions 3e and 3n (p\ 0.05

for both, Mann–Whitney) with TAA animals taking longer

times to revert to the upright position than TAA-Car rats.

Also TAA animals differed form control rats during 1 m

Table 1 Effects of i.p. administration of histidine (His) and carnosine (Car) to control or TAA-treated rats on the His and Car concentration in

rat brain cortex

Control TAA His Car TAA ? His TAA ? Car

His (lM) 425.5 ± 102.6 528.9 ± 127.7 328.3 ± 80.0 378.2 ± 82.3 334.8 ± 90.7 512.5 ± 118.2

Car (lM) 28.6 ± 1.9 24.2 ± 0.8* 35. 3 ± 2.0# 31.4 ± 2.1 38.5 ± 2.7# 30.7 ± 2.9

Results are presented as mean ± SD (n = 6). Statistical significance was calculated using one-way ANOVA analysis of variance with post hoc

Bonferroni’s test

* p\ 0.05 versus control
# p\ 0.05 versus TAA

Fig. 2 The effect of carnosine administration on ROS concentration

in brain cortex of control and TAA rats. Results are mean ± SD

(n = 4–6); * p\ 0.01 versus control, #p\ 0.05 versus control and

TAA

Fig. 3 The effect of systemic administration of His or Car on the

total antioxidant capacity (TAC) measured in the rat brain cortex of

control and TAA rats. Results are mean ± SD, (n = 6); * indicates

p\ 0.05 versus control, #p\ 0.05 versus control and TAA

Fig. 4 Effect of systemic administration of carnosine (Car) on

thioredoxin reductase (TrxR) activity in brain cortex of control and

TAA rats. Results are mean values ± SD (n = 5–6); * indicates

p\ 0.05 versus control
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(p\ 0.05), 2 m (p\ 0.01), 3e (p\ 0.001), 3n

(p\ 0.001), and 3 m (p\ 0.001) sessions, while TAA-Car

rats also took longer times than Car animals to achieve

prone posture at sessions 2 m (p\ 0,05), 3e (p\ 0.001),

and 3 m (p\ 0.01, all Mann–Whitney tests).

For PR (Fig. 7b), there was a difference between TAA

and TAA-Car animals during sessions 1 m and 2 m

(p\ 0.05 for both, Mann–Whitney) with TAA-Car ani-

mals reaching higher scores than TAA rats. Also TAA

animals differed form control rats during 1 m (p\ 0.05),

2 m (p\ 0.01), 3e (p\ 0.001), 3n (p\ 0.01), and 3 m

(p\ 0.001) sessions, while TAA-Car rats also had lower

scores than Car animals during posture testing at sessions

3e (p\ 0.01), 3n (p\ 0.001), 3 m (p\ 0.01), and 4 m

(p\ 0.05, all Mann–Whitney tests).

Also, in several other behaviors TAA-Car rats showed

results closer to control values than TAA rats (not shown).

For remaining 4 reflexes, analyzed in 6 sessions (24 mea-

surements), TAA-Car animals had higher scores 17 times,

while equal scores were noted 5 times. In OF, at 1e session,

TAA-Car rats covered longer distance (692 ± 142 cm)

than TAA animals (523 ± 77 cm), also with similar results

during 3n session (675 ± 85, 531 ± 104, respectively). In

Rotarod test, where TAA-Car animals (106.9 ± 9.0 rpm)

stayed longer on the rod than TAA rats (88.8 ± 7.5 rpm)

during 1e session. Finally, for Grip test analysis, TAA-Car

animals displayed results which were closer to values

Fig. 5 The effect of carnosine administration on total glutathione (a) and reduced (GSH) or oxidized (GSSG) glutathione concentration (b) in rat
brain cortex of control and TAA rats (n = 4). Results are mean values ± SD; * indicates p\ 0.05 versus control

Fig. 6 The expression of carnosine synthase-1 (CARNS-1) protein in

cerebral cortex of control and TAA rats after administration of His or

Car (a). Representative electropherogram (b). Values in each group

are mean ± SD (n = 4); * indicates p\ 0.05 versus control

Fig. 7 The effect of Car injection on righting (RR, a) and postural

reflexes (PR, b) following TAA treatment; * p\ 0.05 for the

difference between TAA and TAA-Car groups. TAA-Car animals

took shorter times to right themselves up than TAA rats (a); TAA-Car
animals scored higher during PR testing than TAA rats (b). More

information regarding sessions (see also Fig. 1) and differences

between TAA groups and corresponding control groups is in the text

Neurochem Res (2016) 41:376–384 381
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represented by control groups, during 1 m session (TAA-

Car rats, 7.0 ± 0.5 N; TAA rats, 7.2 ± 0.3 N). Finally, the

weight of TAA-Car rats (235.1 ± 5.1) was higher than

TAA animals (220 ± 7.1) following the experiments. All

these differences were weak and did not prove significant,

however the differences between TAA and control groups

were significant in case of open field measurements, startle

reflex index, Rotarod performance, and animals’ weight.

Discussion

Pathogenesis of HE is associated with oxidative stress (OS)

[8, 43], which mainly results from inefficient clearance of

ROS by natural defense systems composed of enzymatic

and non-enzymatic anti-oxidants [44, 45]. HE induces ONS

by complex interrelated mechanisms including, among

others, mitochondrial dysfunction and neuro-inflammation

[3, 5, 46, 47]. Therefore, experimental attempts at

designing novel therapeutic strategies included among

many others [48] the use of antioxidants: N-acetylcysteine

[49], His [20, 25], taurine [50]. Of these, N-acetylcysteine

and His also reduced incidence of cerebral edema, and

prevented the onset and progression of HE in animal

models of acute or chronic liver failure [20, 51]. In the

present study, we tested the therapeutic potential of sys-

tematically administered of one other potential antioxidant,

b-alanyl-L-histidine (Car) in a well-established TAA model

reproducing cerebral metabolic changes and symptoms of

acute HE [28]. Car is a major constituent of excitable tis-

sues, brain and skeletal muscles [52]. However, the bio-

logical role of Car and the mechanisms underlying its

action are s still a mystery, although several theories have

been proposed. Car is thought to act as a buffer, neutral-

izing lactic acid produced in a working muscle [19], mainly

due to its abundance and pKa close to physiological pH.

Car also acts as a radical scavenger in muscle and brain

[53], and as a neurotransmitter in the olfactory system [10].

Also, together with a related structurally peptide, homo-

carnosine, Car may act as a c-aminobutyrate reservoir

availability control for this neurotransmitter [54]. As

mentioned in the introductory paragraph, Car has been

shown to ameliorate OS associated with cerebral ischemia,

stroke or subarachnoid hemorrhage [11–13]. In this study,

we demonstrated that intraperitoneal administration of Car

decreased ROS level and increased total antioxidant

capacity (TAC) by partial improvement of thioredoxine-

and GSH/GSSG antioxidant systems. These findings sup-

port our hypothesis that Car exerts its anti-oxidative

activity in HE-affected brain and as such adds to the list of

antioxidants that may be considered as therapeutic agents

in HE. The therapeutic potential of Car found support in

behavioral studies. HE impairs cognitive and locomotor

activity in humans [55–57] and experimental animal

models [17, 58]. Here we demonstrated that the TAA-

induced aspects of motor deficit that are typical of HE have

been largely attenuated by intraperitoneal administration of

Car. Collectively, this report adds HE to the list of brain

pathologies in which Car may exert neuroprotection by

ameliorating OS. As mentioned in the introductory para-

graph, Car remains in a reversible precursor-product rela-

tionship with His. In different experimental settings

imitating HE pathology, both in vitro and in vivo exoge-

nously added His exerted neuroprotection. In a similar

TAA-induced rat model of HE, His counteracted mito-

chondrial permeability transition (mPT) and brain edema

associated with acute HE [20]. The beneficial effects of His

appeared to be related to the inhibition of the transport to

mitochondria of toxic concentrations of Gln, as a conse-

quence of ammonia detoxification [59]. However direct

anti-oxidative properties have been reported as well [23],

and for references see [24]. Irrespective of the mechanism

considered, effective reduction of the oxidative-nitrosative

stress (ONS) has been observed. This raised a question

whether and in what degree, the metabolism of His to Car,

may be involved in the neuroprotective action of His. The

present study partly confirms the latter possibility: His

administered i.p. increased Car concentration in control

and TAA rat homogenates, indirectly suggesting effective

synthesis of Car dipeptide in this experimental settings.

Carnosine synthetase-1 [CARNS-1; (EC 6.3.2.11)] is the

main enzyme directly catalyzing formation of Car [52]. In

our study the protein expression of CARNS-1 was

increased in TAA rats, a finding which is discrepant with

the decrease of Car concentration noted in the same con-

ditions (Table 1). While there is no simple explanation of

this discrepancy, two mutually not exclusive effects of HE

may be considered: (i) increased Car degradation and (ii)

induction of as yet undefined factors which inhibit carno-

sine synthase-1, resulting in abrogation of the effect of

increased expression. Clearly, the significance of increased

enzyme expression will have to be validated by direct

activity tests. The absence of changes in b-alanine content

(data not shown) is not critical for the interpretation of

active metabolism of His in our study. Considering massive

His content in the rat cortex homogenate, and its unlimited

availability, b-Ala is unlikely to be a rate-limiting factor in

His conversion to Car. One interesting point bespeaking the

strength of the effect of Car in our study is that the pro-

tective effect was noted at a low dose (100 mg/kg),

whereas in many other studies significant effects of Car are

observed at 500–1000 mg/kg [12, 60].

The use of the lower dose of Car was probably the

reason for only subtle and transient behavioral differences

observed, the most pronounced being RR and PR. These

behaviors were regarded as affected in rodent models of
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encephalopathy [33, 36] or ammonia toxicity [35]. RR and

PR reflect complex underlying functions incorporating

components of wakefulness/consciousness, motor abilities,

effective balance and vestibular system performance,

control of visual and somatosensory inputs as well as

motivation [61–63]. RR and PR are also related as main-

taining proper balance and posture are both vestibular

system reflexes which are regulated by the vestibular nuclei

as a result of inputs coming from the vestibular sensors, the

cortex, the cerebellum, ocular stimuli and neck proprio-

ception. [64] Future investigations should determine, which

of these behavioral and anatomical elements are mostly

affected by Car attenuating effects of TAA treatment.

Acknowledgments The study was supported by a statutory grant to

the Mossakowski Medical Research Centre (No. 18) and by the

National Science Centre grant 2013/09/B/NZ4/00536 (MZ). RKF was

supported by the National Science Centre grant 2014/14/M/NZ4/

00561.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

1. Prakash R, Mullen KD (2010) Mechanisms, diagnosis and man-

agement of hepatic encephalopathy. Nat Rev Gastroenterol

Hepatol 7:515–525

2. Albrecht J, Jones EA (1999) Hepatic encephalopathy: molecular

mechanisms underlying the clinical syndrome. J Neurol Sci

170:138–146

3. Felipo V (2013) Hepatic encephalopathy: effects of liver failure

on brain function. Nat Rev Neurosci 14:851–858

4. Felipo V, Butterworth RF (2002) Neurobiology of ammonia.

Prog Neurobiol 67:259–279

5. Aldridge DR, Tranah EJ, Shawcross DL (2015) Pathogenesis of

hepatic encephalopathy: role of ammonia and systemic inflam-

mation. J Clin Exp Hepatol 5:S7–S20

6. Cordoba J (2011) New assessment of hepatic encephalopathy.

J Hepatol 54:1030–1040

7. Gorg B, Schliess F, Haussinger D (2013) Osmotic and oxidative/

nitrosative stress in ammonia toxicity and hepatic encephalopa-

thy. Arch Biochem Biophys 536:158–163

8. Haussinger D, Gorg B (2010) Interaction of oxidative stress,

astrocyte swelling and cerebral ammonia toxicity. Curr Opin Clin

Nutr Metab Care 13:87–92

9. Kosenko E, Kaminsky Y, Kaminsky A, Valencia M, Lee L,

Hermenegildo C, Felipo V (1997) Superoxide production and

antioxidant enzymes in ammonia intoxication in rats. Free Radic

Res 27:637–644

10. Bonfanti L, Peretto P, De Marchis S, Fasolo A (1999) Carnosine-

related dipeptides in the mammalian brain. Prog Neurobiol

59:333–353

11. Min J, Senut MC, Rajanikant K, Greenberg E, Bandagi R, Zemke

D, Mousa A, Kassab M, Farooq MU, Gupta R, Majid A (2008)

Differential neuroprotective effects of carnosine, anserine, and

N-acetyl carnosine against permanent focal ischemia. J Neurosci

Res 86:2984–2991

12. Rajanikant GK, Zemke D, Senut MC, Frenkel MB, Chen AF,

Gupta R, Majid A (2007) Carnosine is neuroprotective against

permanent focal cerebral ischemia in mice. Stroke 38:3023–3031

13. Zhang ZY, Sun BL, Yang MF, Li DW, Fang J, Zhang S (2015)

Carnosine attenuates early brain injury through its antioxidative

and anti-apoptotic effects in a rat experimental subarachnoid

hemorrhage model. Cell Mol Neurobiol 35:147–157

14. Trombley PQ, Horning MS, Blakemore LJ (2000) Interactions

between carnosine and zinc and copper: implications for neuro-

modulation and neuroprotection. Biochemistry (Mosc) 65:807–816

15. Kuloglu N, Sonmez M (2015) A biochemical and immunohis-

tochemical study of the protective effects of carnosine for carbon

tetrachloride induced liver injury in rats. Biotech Histochem

90:608–614

16. Mehmetcik G, Ozdemirler G, Kocak-Toker N, Cevikbas U, Uysal

M (2008) Role of carnosine in preventing thioacetamide-induced

liver injury in the rat. Peptides 29:425–429

17. Mladenovic D, Radosavljevic T, Hrncic D, Rasic-Markovic A,

Puskas N, Maksic N, Djuric D, Stanojlovic O (2012) Behavioral

and electroencephalographic manifestations of thioacetamide-in-

duced encephalopathy in rats. Can J Physiol Pharmacol

90:1219–1227

18. Wesierska M, Klinowska HD, Adamska I, Fresko I, Sadowska J,

Albrecht J (2006) Cognitive flexibility but not cognitive coordi-

nation is affected in rats with toxic liver failure. Behav Brain Res

171:70–77

19. Boldyrev AA (2005) Protection of proteins from oxidative stress:

a new illusion or a novel strategy? Ann N Y Acad Sci

1057:193–205

20. Rama Rao KV, Reddy PV, Tong X, Norenberg MD (2010) Brain

edema in acute liver failure: inhibition by L-histidine. Am J

Pathol 176:1400–1408

21. Albrecht J, Norenberg MD (2006) Glutamine: a Trojan horse in

ammonia neurotoxicity. Hepatology 44:788–794

22. Pichili VB, Rao KV, Jayakumar AR, Norenberg MD (2007)

Inhibition of glutamine transport into mitochondria protects

astrocytes from ammonia toxicity. Glia 55:801–809

23. Ralph DM, Robinson SR, Campbell MS, Bishop GM (2010)

Histidine, cystine, glutamine, and threonine collectively protect

astrocytes from the toxicity of zinc. Free Radic Biol Med

49:649–657

24. Wade AM, Tucker HN (1998) Antioxidant characteristics of

L-histidine. J Nutr Biochem 9:308–315

25. Ruszkiewicz J, Fresko I, Hilgier W, Albrecht J (2013) Decrease

of glutathione content in the prefrontal cortical mitochondria of

rats with acute hepatic encephalopathy: prevention by histidine.

Metab Brain Dis 28:11–14

26. Ruszkiewicz J, Albrecht J (2015) Changes of the thioredoxin

system, glutathione peroxidase activity and total antioxidant

capacity in rat brain cortex during acute liver failure: modulation

by L-histidine. Neurochem Res 40:293–300

27. Milewski K, Hilgier W, Albrecht J, Zielinska M (2015) The

dimethylarginine (ADMA)/nitric oxide pathway in the brain and

periphery of rats with thioacetamide-induced acute liver failure:

modulation by histidine. Neurochem Int 88:26–31

28. Hilgier W, Olson JE (1994) Brain ion and amino acid contents

during edema development in hepatic encephalopathy. J Neu-

rochem 62:197–204

29. Gopalakrishnan J, Decker EA, Means WJ (1999) Antioxidant

activity of mechanically separated pork extracts. Meat Sci

52:101–110

30. Crawley JN (2007) What’s wrong with my mouse: behavioral

phenotyping of transgenic and knockout mice. Wiley, Hoboken,

NJ

Neurochem Res (2016) 41:376–384 383

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


31. Jaholkowski P, Mierzejewski P, Zatorski P, Scinska A, Sienkie-

wicz-Jarosz H, Kaczmarek L, Samochowiec J, Filipkowski RK,

Bienkowski P (2011) Increased ethanol intake and preference in

cyclin D2 knockout mice. Genes Brain Behav 10:551–556

32. Sanches EF, Arteni NS, Spindler C, Moyses F, Siqueira IR, Perry

ML, Netto CA (2012) Effects of pre- and postnatal protein

malnutrition in hypoxic-ischemic rats. Brain Res 1438:85–92

33. Matkowskyj KA, Marrero JA, Carroll RE, Danilkovich AV,

Green RM, Benya RV (1999) Azoxymethane-induced fulminant

hepatic failure in C57BL/6 J mice: characterization of a new

animal model. Am J Physiol 277:G455–G462

34. Papadopoulos MC, Verkman AS (2005) Aquaporin-4 gene dis-

ruption in mice reduces brain swelling and mortality in pneu-

mococcal meningitis. J Biol Chem 280:13906–13912

35. Rangroo Thrane V, Thrane AS, Wang F, Cotrina ML, Smith NA,

Chen M, Xu Q, Kang N, Fujita T, Nagelhus EA, Nedergaard M

(2013) Ammonia triggers neuronal disinhibition and seizures by

impairing astrocyte potassium buffering. Nat Med 19:1643–1648

36. Belanger M, Cote J, Butterworth RF (2006) Neurobiological

characterization of an azoxymethane mouse model of acute liver

failure. Neurochem Int 48:434–440

37. Ben Abdallah NM, Filipkowski RK, Pruschy M, Jaholkowski P,

Winkler J, Kaczmarek L, Lipp HP (2013) Impaired long-term

memory retention: common denominator for acutely or geneti-

cally reduced hippocampal neurogenesis in adult mice. Behav

Brain Res 252:275–286

38. Jedynak P, Jaholkowski P, Wozniak G, Sandi C, Kaczmarek L,

Filipkowski RK (2012) Lack of cyclin D2 impairing adult brain

neurogenesis alters hippocampal-dependent behavioral tasks

without reducing learning ability. Behav Brain Res 227:159–166

39. Kiryk A, Aida T, Tanaka K, Banerjee P, Wilczynski GM, Meyza

K, Knapska E, Filipkowski RK, Kaczmarek L, Danysz W (2008)

Behavioral characterization of GLT1 (±) mice as a model of mild

glutamatergic hyperfunction. Neurotox Res 13:19–30

40. Karalis F, Soubasi V, Georgiou T, Nakas CT, Simeonidou C,

Guiba-Tziampiri O, Spandou E (2011) Resveratrol ameliorates

hypoxia/ischemia-induced behavioral deficits and brain injury in

the neonatal rat brain. Brain Res 1425:98–110

41. Simard JM, Tsymbalyuk O, Keledjian K, Ivanov A, Ivanova S,

Gerzanich V (2012) Comparative effects of glibenclamide and

riluzole in a rat model of severe cervical spinal cord injury. Exp

Neurol 233:566–574

42. Steiner MA, Lecourt H, Rakotoariniaina A, Jenck F (2011)

Favoured genetic background for testing anxiolytics in the fear-

potentiated and light-enhanced startle paradigms in the rat. Behav

Brain Res 221:34–42

43. Skowronska M, Albrecht J (2013) Oxidative and nitrosative stress

in ammonia neurotoxicity. Neurochem Int 62:731–737

44. Droge W (2002) Free radicals in the physiological control of cell

function. Physiol Rev 82:47–95

45. Pisoschi AM, Pop A (2015) The role of antioxidants in the

chemistry of oxidative stress: a review. Eur J Med Chem 97:

55–74

46. Bosoi CR, Tremblay M, Rose CF (2014) Induction of systemic

oxidative stress leads to brain oedema in portacaval shunted rats.

Liver Int 34:1322–1329

47. Rama Rao KV, Norenberg MD (2012) Brain energy metabolism

and mitochondrial dysfunction in acute and chronic hepatic

encephalopathy. Neurochem Int 60:697–706

48. Atluri DK, Prakash R, Mullen KD (2011) Pathogenesis, diagno-

sis, and treatment of hepatic encephalopathy. J Clin Exp Hepatol

1:77–86

49. Jalan R (2005) Pathophysiological basis of therapy of raised

intracranial pressure in acute liver failure. Neurochem Int

47:78–83

50. Albrecht J, Wegrzynowicz M (2005) Endogenous neuro-protec-

tants in ammonia toxicity in the central nervous system: facts and

hypotheses. Metab Brain Dis 20:253–263

51. Keays R, Harrison PM, Wendon JA, Forbes A, Gove C,

Alexander GJ, Williams R (1991) Intravenous acetylcysteine in

paracetamol induced fulminant hepatic failure: a prospective

controlled trial. BMJ 303:1026–1029

52. Bauer K (2005) Carnosine and homocarnosine, the forgotten,

enigmatic peptides of the brain. Neurochem Res 30:1339–1345

53. Kohen R, Yamamoto Y, Cundy KC, Ames BN (1988) Antioxi-

dant activity of carnosine, homocarnosine, and anserine present in

muscle and brain. Proc Natl Acad Sci USA 85:3175–3179

54. Kish SJ, Perry TL, Hansen S (1979) Regional distribution of

homocarnosine, homocarnosine-carnosine synthetase and homo-

carnosinase in human brain. J Neurochem 32:1629–1636

55. Amodio P, Montagnese S (2015) Clinical neurophysiology of

hepatic encephalopathy. J Clin Exp Hepatol 5:S60–S68

56. Gimenez-Garzo C, Urios A, Agusti A, Gonzalez-Lopez O,

Escudero-Garcia D, Escudero-Sanchis A, Serra MA, Giner-Duran

R, Montoliu C, Felipo V (2015) Is cognitive impairment in cir-

rhotic patients due to increased peroxynitrite and oxidative

stress? Antioxid Redox Signal 22:871–877

57. May ES, Butz M, Kahlbrock N, Brenner M, Hoogenboom N,

Kircheis G, Haussinger D, Schnitzler A (2014) Hepatic

encephalopathy is associated with slowed and delayed stimulus-

associated somatosensory alpha activity. Clin Neurophysiol

125:2427–2435

58. Cauli O, Llansola M, Agusti A, Rodrigo R, Hernandez-Rabaza V,

Rodrigues TB, Lopez-Larrubia P, Cerdan S, Felipo V (2014)

Cerebral oedema is not responsible for motor or cognitive deficits

in rats with hepatic encephalopathy. Liver Int 34:379–387

59. Albrecht J, Zielinska M, Norenberg MD (2010) Glutamine as a

mediator of ammonia neurotoxicity: a critical appraisal. Biochem

Pharmacol 80:1303–1308

60. Wang JP, Yang ZT, Liu C, He YH, Zhao SS (2013) L-carnosine

inhibits neuronal cell apoptosis through signal transducer and

activator of transcription 3 signaling pathway after acute focal

cerebral ischemia. Brain Res 1507:125–133

61. Dickinson R, White I, Lieb WR, Franks NP (2000) Stereoselec-

tive loss of righting reflex in rats by isoflurane. Anesthesiology

93:837–843

62. Jamon M (2014) The development of vestibular system and

related functions in mammals: impact of gravity. Front Integr

Neurosci 8:11

63. Tung A, Herrera S, Szafran MJ, Kasza K, Mendelson WB (2005)

Effect of sleep deprivation on righting reflex in the rat is partially

reversed by administration of adenosine A1 and A2 receptor

antagonists. Anesthesiology 102:1158–1164

64. Cullen KE (2012) The vestibular system: multimodal integration

and encoding of self-motion for motor control. Trends Neurosci

35:185–196

384 Neurochem Res (2016) 41:376–384

123


	Carnosine Reduces Oxidative Stress and Reverses Attenuation of Righting and Postural Reflexes in Rats with Thioacetamide-Induced Liver Failure
	Abstract
	Introduction
	Materials and Methods
	Materials
	HE Model
	HPLC Analysis
	Total Antioxidant Capacity
	Thioredoxin Reductase Activity
	Reactive Oxygen Species Determination
	GSSG/GSH Determination
	Western Blot
	Behavioral Analysis
	Protein Determination
	Statistical Analysis

	Results
	Discussion
	Acknowledgments
	References




