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ACTIVITY OF THE LIVER MITOCHONDRIAL ASPARTATE AMINOTRANSFERASE
AND MALATE DEHYDROGENASE IN RATS WITH TOXIC HEPATITIS
UNDER CONDITIONS OF ALIMENTARY PROTEIN DEFICIENCY
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Nutritional demands in proteins depend on the life stage and health status of organisms. Both humans
and experimental animals under stress conditions and especially drug processing become to be more sensitive
to the protein deficit in the food. In this study, we examined some acetaminophen-induced metabolic effects po-
tentiated by alimentary protein deprivation (APD) in rat liver. In particular, activities of the liver mitochondrial
aspartate aminotransferase and malate dehydrogenase in rat liver were studied in conditions of balanced and im-
balanced by protein diets of isocaloric content. It has been found that acute acetaminophen-induced hepatitis in
comparison to control does not change the activity of mitochondrial malate dehydrogenase causing simultaneous
4-fold reduction in activity of mitochondrial aspartate aminotransferase and 2.5-fold reduction of mitochondrial
oxaloacetate content. Interestingly, alimentary protein deprivation enhances the effects of acetaminophen on the
described parameters. Finally, in order to confirm these associations between amount of the protein in the rat diet
and physiological measures in their liver with toxic injury, principal component analysis (PCA) was performed.
Two principal components characterize changes in physiological measures in our study. Principal component 1
explains about 86 % of the variation among whole dataset mainly related to control group and group subjected
to acetaminophen treatment with simultaneous APD. It reveals the tight association of scores for AST activity and
oxaloacetate level with control group, which might indicate the high efficiency in the oxaloacetate conversion
by AST lacked in both groups with hepatitis. Similarly, principal component 1 explaining the variance in MDH
activity shows its linkage to the control group, indicating the importance of MDH for the health status of control
animals. On the other side, principal component 2 reveals close association between lactate and pyruvate levels
as well as cytosolic NAD*/NADH ratio with acetaminophen-treated group of animals subjected to APD, confirm-
ing that toxic liver injury associated with low protein consumption leads to increased lactate-pyruvate turnover
in cytosol affecting. This potentially might be associated with energy-generating dysfunction in liver under toxic
hepatitis on the background of dietary protein deficiency.

Keywords: ACETAMINOPHEN, LIVER, INJURY, ASPARTATE AMINOTRANSFERASE,
MALATE DEHYDROGENASE

AKTHUBHICTb MITOXOH/IPIAJTIbHUX EH3UMIB ACHAPTATAMIHOTPAHC ®EPA3H
TA MAJIATAETIIPOT'EHA3HY Y IEYTHII II{YPIB 3 TOKCUYHUM 'EITATUTOM
3A YMOB AJIIMEHTAPHOI HECTAUYI TIPOTEIHY
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Tlompeba y npomeinax 3anedxdcums 6i0 cmadii scummsi i Cmamny 300po8 s Opeanizmie. Sk noou, max i exc-
NePUMEHMATbHI MEAPUHU 8 YMOBAX CIMPeCy Ma 0COOIUBO UKOPUCANHSL TIIKI6 CIAIONb YyMausiuumu 00 oegiyumy
npomeiny 6 ivici. Memoio pobomu 6y10 00CRiOHCeH S OeSIKUX MeMabONIUHUX eqheKmis Y neuinyi 3a yMOo8 Hecmayi
Xap408020 npomeiny y meaput 3 ayemaminoQer-iH0yKo8anuMm 2enamumom. 30Kkpema, GU3HAYATU AKMUBHICID
MITMOXOHOPIAILHUX eH3UMIE ACRAPMAMAMIHOMPAHCHepasu ma MaramoeiopoeeHasu y NeuiHyi wypie 3 MOKCULHUM
2enamumom 3a YMo8 pi3Hoi 3abe3neyenocmi payioHy xapuoeum npomeinom. Bcmarnoeanerno, wo 3a ymos 2ocmpozo
ayemaminoGen-iHOyKOBAHO20 2enamumy He CROCMEPIeaiombCsl 3MIHU AKMUBHOCTE MIMOXOHOPIAbHOL Manam-
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0e2iopoeeHasu npu 0OHOUACHOMY 4-KpAMHOMY 3HUNCEHHT AKMUBHOCHT MIMOXOHOPIAILHOT ACnapmamamiHOmpanc-
¢hepazu ma 2, 5-Kpamuomy 3HUICEHHT BMICHTY MIMOXOHOPIAbHO20 oKcanoayemamy. Likaso, wo animenmapua oenpu-
8ayist npomeiry NOCUNIOE BNIUE ayemaminopeHy Ha onucari napamempu. J{iia moeo, wob niomeepoumu 3aiexcHicms
MIDIC KITbKICMIO npomeity 8 payioHi wypie i MemadomRiuHUMU 3MIHAMU Y NEYIHYI 34 MO8 MOKCUYHO2O YUIKOOINCEHHS,
6yn0 3acmocosaro memoo eonosHux komnonenm (PCA). /l8i 2onoeHi komnonenmu Xxapakmepusyoms IiHU y HAUOMY
oocnioxcenti. Tonosna komnonenma 1 nosicnioe 6nuzoro 86 % ioxunerb Midc NoBHUM HAOOPOM OaHUX, 30e0i1bUI020
108 A3GHUX 3 KOHMPOILHOIO EPYNOIO | 2PYNoto NPOmMeiH-0eqhiyumHux meapun 3 ayemaminogher-iH0yKoO8aHUM YUIKO-
OoicenHsim. Busigneno winory acoyiayiio banis ons akmusrocmi ACT ma pisns oxcanoayemany nopieHIHO 3 KOHMPOTb-
HOI0 2PYNOI0 8 000X 2pynax 3 cenamumom. AHAN02iuHO, 207108HA KOMNOHEHMA 1, Wo NOACHIOE OUCNEPCItO 8 AKMUBHOC-
mi Manamoe2iopo2eHasu, 8KA3YE HA BANCTUBICING MANAMOe2iOpoceHasu sl CHAHy 300pos 'ss meapuH. 3 iHuio2o 060Ky,
20/108HA KOMNOHEHMA 2 BUSBTIAEC MICHUL 38 "SI30K MIJIC PIGHAMU IAKMAMY | NIPYBAmY, a MaKodic CRiG8iOHOUEHHAM
yumosonvno2co NAD/NADH y epyni npomein-Oegbiyumuux meapun, sKi ompumyeanu ayemaminoghen. Bcmaroene-
HULl Ghaxkm niomeepoHCcye, Wo MOKCUYHE VIUKOONCEHHS NEHiHKU HA Mli HUZbKO20 CHONCUBAHHAM NPOMEIHy Cynpo6o-
02iCyeMbCsl IHMeHCUIKayicto nepemeoperts 1aKmam-nipyéam y yumosoni. e nomenyitino modice 6ymu nog s;3aHo
3 QucghyHKyiero enepeoabe3nedents y nedinyi npu MoKCUYHOMY 2enamumi Ha MJi aliMeHmapHoi Hecmadi npomeii).

Kirouosi cioBa: ALIETAMIHO®EH, I[IEUYIHKA, YIIKOJDKEHHS, ACITAPTATAMIHO-
TPAHCOEPA3A, MAJIATHEI'TIPOI'EHA3A

AKTUBHOCTb MUTOXOHAPUAJIBHBIX DOH3UMOB ACIIAPTATAMHUHOTPAHC®EPA3bI
N MAJIATAEI'TAPOI'EHA3BI B IEYEHHN KPBIC C TOKCUYECKHUM I'EITATUTOM
B YCJIOBUSIX ATUMEHTAPHOM BEJIKOBOM HEJOCTATOYHOCTH
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Tlompebrocmu 6 benkax 3asucum om Cmaouu HCU3HU U COCMOSHUSL 300p08bs Op2anuzmos. Kak noou, mak
U IKCNEPUMEHTNATILHBLE HCUBOMHBLE 8 YCILOGUAX CIPecca U 0COOEHHO Npu YROmpeOaeHul N1eKapcme CIAaHO8Imcsl
bonee uyscmeumenvHulMu K Oedhuyumy oenka 6 nuwe. Llenvio pabomul ObLIO UCCIE008AHUE HEKOMOPLIX MEema-
bonuueckux sghghexmos dedpuyuma nuwgeso2o 6EIKa 8 NeUeHu y HCUBOMHBIX C AYEMAMUHODEH-UHOYYUPOBAHHBIM
eenamumom. M3yuanu axmueHoCms MUMOXOHOPUATBHBIX (DePMEHNO8 acCnapmamamuHompanchepasvl u manam-
Oezcudpozenasvl 8 NeUeHU KpbiC ¢ MOKCUUECKUM 2eNAMUMOM 8 YCII08UAX PASIUYHOU 0DeCneyeHHOCU paytoHa nu-
wesblm benkom. Yemanosneno, 4umo 6 yCiogusax ocmpozo ayemamuHoQeH-uHOYYUpOBaHHO20 2enamuma aKmue-
HOCHb MUMOXOHOPUATLHOU MANAMOe2UOPO2EeHA3bl He USMEHAEMCS NPU OOHOBPEMEHHOM 4-KPAMHOM CHUNICCHUU
AKMUBHOCTU MUTNOXOHOPUATILHOU ACHapmamamuHompancgepasvl u 2,5-KpamHom CHUNCEHUU COOEPHCAHUS MUMO-
XOHOpUANbLHO20 OKcanoayemama. Humepecno, umo denpugayus nuujeeoeo beixa ycuiusaem oelicmaue aye-
MamMuHoghena Ha onucaHHvle napamempul. s noOmeepicOeHUst 3a8UCUMOCTIU MENCOY KOMUYECMBOM NPOmMeUuHd
6 NUYEBOM PAYUOHE KPbIC U MEMAOONUUECKUMU USMEHEHUSAMU 6 NeYeHU 8 YCIIOBUAX MOKCUHECKO20 NOBPENCOeHUS,
npogeden ananu3z nagnvix komnonenm (PCA). [lee enasnvie komnonenmul Xapaxmepusupyom usmMeHeHus 6 Hauem
uccneoosanuu. Inaguasn xomnonenma 1 obwschsem oxono 86 % omxnouenul mexcoy Habopom OAHHbIX, CEA3AH-
HbIX C KOHMPONLHOU 2PYRNOU U 2DYRNOL HPOMEUH-0eDUYUMHBIX HCUBOMHBIX C AYETNAMUHODEH-UHOVYUPOBAHHBIM
nogpedcoenuem. Yemarnoenena accoyuayus oannos akmusnocmu ACT u yposHs oxcanoayemama no cpagHeHuo
C KOHMPONLHOIL 2PYRNOIL Y 00eux epynn ¢ 2enamumom. AHano2uuHo, 21aeHas Komnonenma I, ykasviearowas Ha
OUCNEPCUIO 8 AKMUBHOCIU MATIAMOESUOPO2EHA3bL, CBUAETNELCIBYEM O BANCHOCIU MALAMOe2UOPOLEHA3bL OISl CO-
cmosHus 300posbsl. C Opyeoli CMOpOHbI, 21A6HASL KOMNOHEHMA 2 0OHAPYICUBAET THECHYIO CE3b MENCOY YPOBHAMU
JaKmama u nupysama, a maxice coomuouienuem yumosonvno2o NAD/NADH ¢ epynne npomeun-oeuyummuix
HCUBOMMHBIX, NOTYUAGUIUX AYEMAMUHODEH. YCmanoseeHHblll hakm noomeepitcoaem, Ymo MoKCUecKoe no8peic-
Oenue neueHu Ha Qone HUIKO20 YnompeoneHuss NPOMeuHa ConPoBONCOACMcst UHMeHcUpuUKayueli npespauieHusl
JIAKMam-nupyeam 8 yumosone. Yxasanmvie usmMeHeHust NOMmeHyuaibHo Mo2ym Obims CéA3aHbl ¢ OUCQYHKYUEN FHEPEO-
obecneuenus 6 neueHu npu MOKCULeCKOM 2enamume Ha QoHe arumMeHmapHo2o oeguyuma oenxa.
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Proteins are essential macronutrients used
in various cellular processes. A lack of protein in
the diet (alimentary protein deficiency, APD) can
cause a set of metabolic abnormalities associated
with repressed growth and increased mortality [17].
At the organismal level, an important role in the
coordination of protein metabolism belongs to the
liver. Liver is also known to be the main detoxifica-
tion organ during xenobiotic and drug administra-
tion [6]. As the processes of xenobiotic metabolism
require multiple biochemical transformations, and
some intermediates mediate toxic responses [5],
one may suggest that liver might be potentially sus-
ceptible to drug injury upon the lack of protein in
the diet. Such a case might be a problem in develop-
ing countries, where low dietary protein associated
with high levels of pollutants and xenobiotics in the
environment as well as administration of untested
or old generation drugs in the medicine is a com-
mon issue. For example, acetaminophen (known
also as paracetamol), one of the most widely used
analgesics in the therapeutic practice in developing
countries, possesses a high risk to cause liver inju-
ry [8]. However, the effects of acetaminophen ad-
ministration associated with low protein intake on
metabolic processes liver cells remains unknown.

In this study, we have examined some ac-
etaminophen-induced metabolic effects potentiated
by alimentary protein deprivation (APD) in rat
liver. In particular, the effects of acetaminophen on
cytoplasmic NAD*/NADH ratio and functioning of
malate-aspartate shuttle mitochondrial enzymes in
rat liver were studied in conditions of balanced and
imbalanced by protein diets of isocaloric content.

Materials and methods

Experimental Design and Procedures. In the
study, 8-10 week old white nonlinear rats weighing
90-100 g were used. Animals were kept in individ-
ual plastic cages with sand bedding; they were fed
twice per day having ad libitum access to water. The
experiment was conducted in accordance with the
rules set by the “European convention for the pro-
tection of vertebrate animals used for experimental
and other scientific purposes” (Strasbourg, 1986).

For the study, animals were divided into
three groups: I — control group of rats maintained
on the balanced diet (C, control group); Il — rats
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with acute acetaminophen-induced hepatitis, main-
tained on the balanced diet (H, group with hepatitis);
IIT — rats with acute acetaminophen-induced hepa-
titis, maintained under the conditions of alimentary
deprivation in protein (APD+H, alimentary depriva-
tion in protein + hepatitis). Each experimental group
had from 6 to 10 animals. Over 4 weeks, animals
of the C and H experimental groups were fed
balanced diet containing 14 % protein (in the form
of casein), 10 % fat and 76 % carbohydrates [4].
Animals of the APD+H group were fed for 4 weeks
isoenergetic food containing 4.7 % protein, 10 %
fat and 85.3 % carbohydrates. After 4 weeks, toxic
hepatitis was caused in the H and APD+H exper-
imental groups by per os administration of acet-
aminophen. For this, acetaminophen was added to
the food at a dose 1 g/kg in a 2 % starch suspension
for 2 days [14]. Animals were euthanized on the
31* day of the experiment. The rats were sacriced
by decapitation 48 hours after the paracetamol
application, their livers were quickly removed.

Liver tissue was homogenized in 9 volumes
of cold buffer at 4 °C. The homogenates were then
centrifuged at 4 °C (1000 g/min, 10 min).

The mitochondrial fraction of the liver
homogenate was isolated by differential centrifuga-
tion (Heraeus Biofuge, Germany) at 0-3 °C in the
following buffer medium: 250 mM sucrose, | mM
EDTA, 10 mM Tris-HCI; pH 7.4 at 0-3 °C. The
cytosol fraction of homogenates was isolated after
the separation of microsomal fraction [11].

Enzyme assays. The activities of mitochon-
drial aspartate aminotransferase (AST, EC 2.6.1.1)
and malate dehydrogenase (MDH, EC 1.1.1.37)
were measured spectrophotometrically at 340 nm
as described earlier [2, 19].

Lactate and pyruvate assays. The content
of lactate was evaluated using the enzymatic meth-
od according to [3] in the presence of lactate dehy-
drogenase — EC 1.1.1.27 (the final activity in the
incubation mix — 2 [U/ml), 0.05 M NAD in gly-
cine-hydrazine buffer (0.4 M hydrazine sulphate,
1 M glycine, 0.2 % EDTA-Na, pH 9.5) The forma-
tion of reduced NADH, which quantity is equiva-
lent to the amount of oxidized lactate, was registered
photometrically at the wavelength 340 nm.

The content of pyruvate in the cytosolic
fraction was determined spectrophotometrically
in test with iron (III) nitrate [7].
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Oxaloacetate concentration measurement.
Concentration of oxaloacetate was determined by
colorimetric method based on the interaction of
oxaloacetate 2.4-dinitrophenylhidrazine and for-
mation of oxaloacetate hydrazone with maximum
absorption at 546 nm [9].

The cvtoplasmic NAD*/NADH ratio assay.
The cytoplasmic ratio NAD*/NADH was calculat-
ed taking into account the equilibrium constant of
the lactate dehydrogenase reaction as was proposed
previously [13, 16]:

NAD* 1

_ « [Pyruvate]
NADH + H+* 1,11 X 10~*

[Lactate]

Statistical analysis. Statistical analysis
was performed by T-test using Statistica 6.0 soft-
ware (StatSoft, USA). All of the data was tested
for normal distribution using Levene’s test and
one-sample Kolmogorov-Smirnov test, respec-
tively. Characteristics of the study group were ex-
pressed as Mean+Standart Deviation for normal
distribution. The probability, P<0.05 was accept-
ed to have critical level of significance. Principal
component analysis was done using JMP Pro 11
software (SAS Institute, USA).

Results and discussion

The hepatocytes’ system of energy bio-
transformation determines the ability of an organ-
ism to restore its wellness after a toxic injury of
many xenobiotics including acetaminophen [1,
12]. Simultaneously, the efficiency of hepato-
cytes to rebuild the metabolism upon xenobiotic
stress depends on nutritional conditions. In this
study, we aimed to disclose the biochemical ad-
aptation of hepatocytes’ malate-aspartate shuttle
mitochondrial enzymes in rats subjected to low
protein diet upon acetaminophen-induced toxicity.
The choice of malalate-aspartate shuttle as an in-
dicator of hepatocyte functional state is related
to its role in NAD oxidoreduction. In particular,
the malate-aspartate shuttle system is the central
metabolic pathway to transfer glycolytic NADH
from the cytoplasm to mitochondria for further
NADH oxidation [15, 18].

First, we evaluated the activities of mito-
chondrial NAD-dependent malate dehydrogenase
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(MDH) and aspartate aminotransferase (AST).
We have found that acetaminophen does not af-
fect activity of mitochondrial NAD-dependent
MDH in the liver of rats fed a protein balanced
diet (fig. 1A). However, conversion of malate to
oxaloacetate by this enzyme to be lower in the liv-
er of animals subjected to APD. Thus, activity of
malate dehydrogenase was 52 and 34 % lower in
the APD+H group. Reduction in activity of mito-
chondrial aspartate aminotransferase (fig. 1B)
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Fig. 1. NAD"-malate dehydrogenase (MDH, A)
and aspartate aminotransferase (AST, B) activities
of liver mitochondria under toxic hepatitis with and without
alimentary protein deprivation. The data are presented
as means * standard error means (S.E.M.), n=8-10

Note: C bar shows the value of parameter in the liv-
er of control group of rats maintained on the balanced diet;
H bar shows the value of parameter in the liver of rats
with acute acetaminophen-induced hepatitis, maintained
on the balanced diet; APD+H bar shows the value of param-
eter in the liver of rats with acute acetaminophen-induced
hepatitis, maintained under alimentary protein depriva-
tion (APD). * — significantly different from the control (C)
group. * — significantly different from the group with
acetaminophen-induced hepatitis. P<0.05 represents sta-
tistical significance.
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was found upon acetaminophen treatment when
compared to the enzyme activity in liver of rats
in the control group. However, APD enhanced the
reduction in activity of mitochondrial aspartate
aminotransferase in rat liver. Thus, the activity of
the enzyme was 6-fold lower in the liver of ADP
animals with acetaminophen-induced hepatitis
than in the control group (fig. 1B).

Neither lactate nor pyruvate concentra-
tion were affected by acetaminophen in the cyto-
solic fraction in liver of rats (Fig. 2.A, 2B).
However, the concentration of lactate and py-
ruvate in the cytosolic fraction of liver of rats
subjected to APD with simultaneous acetamin-
ophen treatment was 60 % and 3,3-fold higher
respectively than in controls and animals with
toxic hepatitis. In the opposite, the amount of
oxaloacetate in liver mitochondria of rats de-
creased upon acetaminophen treatment. More-
over, APD enhanced the effect of acetamino-
phen (fig. 2C).

Since oxaloacetate in mitochondria is
a substrate for both aspartate aminotransferase
and citrate synthase, reduction in the activity of
mitochondrial aspartate aminotransferase may
indicate enhanced use of oxaloacetate in the tri-
carboxylic acid cycle (TCA) in the liver of ac-
etaminophen-treated animals. It seems that APD
enhances the use of oxaloacetate in liver mito-
chondria upon acetaminophen-induced hepatitis,
which might lead to the increased oxidation of
NADH formed in TCA by mitochondrial respi-
ratory chain. As the state of energy supply to
the cells primarily depends on the efficiency of
the mitochondrial respiratory chain [10, 14], the
reduction in activity of malate-aspartate shuttle
mitochondrial enzymes in rat liver may indicate
different rate of NADH oxidation in the cytosol
and mitochondria.

Finally, in order to confirm these associ-
ations between amount of the protein in the rat
diet and physiological measures in their liver
with and without toxic injury, principal compo-
nent analysis (PCA) was performed. Scree plot
for the used types of diets and score plot for the
measured metabolic parameters were combined
in biplot for graphical representation of PCA
(fig. 3). Two principal components characterize
changes in physiological measures in our study.
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Fig. 2. Lactate (A), pyruvate (B) in the cytosolic fraction
and oxaloacetate (C) concentrations in mitochondria
in liver of rats under toxic hepatitis with and without
alimentary protein deprivation. The data are presented

as means + standard error means (S.E.M.), n=6-10

Principal component 1 explains about 86 % of the
variation among whole dataset mainly related to
control group and group subjected to acetamino-
phen treatment with simultaneous APD.
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Fig. 3. Principal component analysis some of the indices
which characterize malate-aspartate shuttle functioning

in liver mitochondria under toxic hepatitis with and without
alimentary protein deprivation

It reveals the tight association of scores
for AST activity and oxaloacetate level with
control group, which might indicate the high ef-
ficiency in the oxaloacetate conversion by AST
lacked in both groups with hepatitis. Similarly,
principal component 1 explaining the variance
in MDH activity shows its linkage to the con-
trol group, indicating the importance of MDH
for the health status of control animals. On the
other side, principal component 2 reveals close
association between lactate and pyruvate levels
as well as cytosolic NAD*/NADH ratio with ac-
etaminophen-treated group of animals subject-
ed to APD, confirming that toxic liver injury
associated with low protein consumption leads
to increased lactate-pyruvate turnover in cytosol
affecting, thus, NAD*/NADH flux.

Conclusion

The data suggests that alimentary protein
deficiency might aggravate the metabolic imbal-
ance in the liver after its toxic injury. Particularly,
the association of toxic hepatitis with APD in
rats leads to the reduction in the activities of ma-
late-aspartate shuttle mitochondrial enzymes and
glycolytic NADH inflow to the mitochondria.
This potentially might be associated with energy-
generating dysfunction in liver under toxic
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hepatitis on the background of dietary protein
deficiency.

Perspectives of the future investigations.
The obtained results open prospectives for the
further study of the mechanisms of energy sup-
ply disturbance in the liver under conditions of its
toxic damage with the different content of protein.
It plan to investigate the activity of the main en-
zymes of glycolysis and the Krebs cycle in the
liver under the experimental conditions for the
purpose of justification of approaches to correc-
tion of energy disturbance.
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