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BnnuB remiHy i LOHOpPIB OKCMAY a30Ty Ha NOKa3HUKU MeTaboniamy remy B
neyviHui 1 cnpoBaTLUi KPOBi LWypiB in vivo
I.B.HikiTueHko, T.B.BapaHHik, O.B.MaBn4eHko

B poGoTi BMBYEHO BNAMB in Vvivo xropuay remiHy (15 mr/kr macu Tina) i goHopis MoHookcuay asoty (NO) —
HiTponpycugy Hatpito (SNP, 1 mr/kr) i cybectpaty NO-cuHTasu L-apriHiHy (Arg, 600 Mr/kr) Ha aKTVBHICTb
KMo4YoBMX hepmeHTiB cuHTe3y (5-amiHonesyniHatcuHTasuw, AJIKC) i gerpagadii remy (remokcureHasu, 0), Ha
BMICT BifTlbHOro reMmy B MeviHLi, @ TakoX Ha BMICT reMy B cvpoBaTLi KpoBi LwypiB. JoHopn NO BBOAUNIM OKpeMo
abo 3a 30 xB po iH'ekuii xnopuay remiHy. PiBeHb BiMbHOro remy B MediHUi OUiHIOBanu 3a CniBBiAHOLLEHHAM
aKTMBHOCTI XONod)epMeHTy i 3aranbHoi akTMBHOCTI TpuntodpaH-2,3-giokeureHasm (TOO). Yepes 2 rog nicns
BBEEHHSI Xropuay remiHy crioctepiranocs 3HayHe NiaABULLEHHSA PIBHA MPOAYKTIB, sIKi MICTATbL reM, i NpoayKTiB
nepokcupadii ninigis (TBKPI) B cupoBartui kposi. Lli 3MiH1 cynpoBomkyBanuncsa 3HxeHHsiM akTuBHocTi AJTKC i
36inbLUEHHSIM aKTUBHOCTI XornodepMeHTy i HacuueHHst remoM THO, WO € pe3ynbTaToM HaKOMUYEHHsT B MeYiHLi
BiNbHOro remy. Yepes 24 rog nicrns BBeAEHHS Xropuay remiHy BMICT remy B cupoBatLi HopMmanisyBaBcsl, a
piBeHb TBEKPI1 3anuwascs nigsuwieHnm. Y nevdiHui Yepes 24 roa Aii reMiHy cnocTepiranocb 3HavHe NiaBULLIEHHS
aktmBHocTer 'O i AJIKC, Togj sik cTyniHb HacuyeHHst TOO reMom 3HWXKYBaBCS, LLO CBIgYUTb MPO NPeBanoBaHHS
npouecy gerpagauii remy Hag vioro cuHtesom. Obuasa goHopa NO He BMAMBAnMM Ha HaKOMUYEHHS remy B
cvpoBaTLi 1 NeviHui B nepLli roamHu aii remiHy. OgHak BctaHoBneHi ocobnveocTi gji SNP i L-Arg Ha knodoBuin
depMeHT cuHTe3y remy B nediHuUi i piBeHb TBKPI1 B cupoBatui kposi. L-Arg, Ha BigmiHy Big SNP, 3anobiras
HakonundeHHto TBKPI B cupoBarui, ane He nonepemxas 3HwkeHHs akTvBHocTi AJIKC yepes 2 rog nicnst iH'exuii
xnopugy remiHy. BeegeHHs camoro SNP Buknukano nigsuwenHs pisHa TBKPIT B cupoBaTui, 30inbLueHHS
aktmBHocTi TOO i 3HWkeHHs akTuBHocTi AJIKC B nediHui 4epe3 2 rog. Bmict remy B cupoBatui NO3UTUBHO
KOPEmoBaB 3 aKTUBHICTIO XOrNogepMeHTy i HacuueHHsim remom TOO B nedviHui. MNonepeaHst o6pobka goHopamm
NO He BnnvBana Ha nigBuweHHA akTuBHocTi O, ogHak 6nokysana iHaykuito AJTIKC, 3HWKEHHS aKTUBHOCTI
xornodepMeHTy i cTyneHs HacndeHHsa remoM T O yepes 24 rog nicns BBeaeHHs xropuay remidy. Omke, n SNP,
" Arg 3anobirany 3HWKEHHIO PiBHS BiNlbHOrO reMy B MeviHLi, Lo MoXe Oy Ty NoB'A3aHO 3 HITPO3UIMIOBAHHSAM remy
B npucyTHocTi AoHopiB NO i, ik Hacnigok, 1oro BinbLU NOBINBbHOK Aerpajalieto B reMOKCUreHasHin peakLii.

KnioyoBi cnoBa: memaboniam 2emy, nediHka, cuposaimka Kposi, 2emiH, O0HOpU OKcudy asomy.

In vivo effects of hemin and nitric oxide donors on parameters of heme

metabolism in rat liver and serum
[.V.Nikitchenko, T.V.Barannik, O.V.Pavychenko

In vivo effects of hemin chloride (15 mg/kg body weight) and donors of nitrogen monoxide (NO) — sodium
nitroprusside (SNP, 1 mg/kg) and substrate of NO-synthase L-arginine (L-Arg, 600 mg/kg) on the activity of key
enzymes of heme synthesis (5-aminolevulinate synthase, ALAS) and heme degradation (heme oxygenase, HO),
on the free heme level in liver and on the content of heme in blood serum of rats were studied. NO donors were
administered alone or 30 min before hemin chloride injection. The level of free heme in liver was estimated by the
ratio of holoenzyme and total tryptophan 2,3-dioxygenase (TDO) activities. Two hours after hemin chloride
administration a significant increase in the level of heme-containing products and lipid peroxidation products
(TBARS) was found in blood serum. These changes were accompanied by decrease in ALAS activity and by
increase in holoenzyme activity and heme saturation of TDO, which was the result of free heme accumulation in
liver. 24 hrs after administration of hemin chloride the content of heme in serum returned to normal level, while
level of TBARS remained elevated. 24 hrs after hemin action a significant increase in the activities of HO and
ALAS was observed in liver, while the degree of TDO heme saturation decreased, indicating the prevalence of
heme degradation over its synthesis. Both NO donors did not affect the accumulation of heme in serum and liver
first hours after hemin action. However, the specific features of SNP and L-Arg effects on the key enzyme of
heme synthesis in liver and the TBARS level in serum were revealed. L-Arg, unlike SNP, prevented the
accumulation of TBARS in serum, but did not prevent a decrease in ALAS activity 2 hrs after hemin chloride
injection. The treatment by SNP itself caused an increase in TBARS level in serum, an increase in TDO activity
and a decrease in ALAS activity in liver 2 hrs after action. Heme content in serum positively correlated with
holoenzyme activity and heme saturation of TDO in liver. The pretreatment with NO donors did not affect the
increase in HO activity, however, it blocked the induction of ALAS, a decrease in holoenzyme activity and heme
saturation of TDO 24 hrs after the administration of hemin chloride. Thus, both SNP and Arg prevented a
decrease in free heme level in liver, which might be due to heme nitrosylation in the presence of NO donors and,
as a result, its slower degradation in the heme oxygenase reaction.
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BnusiHne remmHa m AOHOPOB OKCMAa a30Ta Ha NoKa3aTtenun mMeTabonuama rema

B NEeYEHU U CbIBOPOTKE KPOBM KPbIC in Vivo
WN.B.Huknt4yeHko, T.B.BapaHHuk, O.B.[MaBn4eHko

B paboTe n3yyeHo BnusiHWE in vivo xnopuaa remvHa (15 mr/kr maccbl Tena) u JOHOPOB MOHOOKCMAA a3oTa
(NO) — Hutponpycenga Hatpua (SNP, 1 wmr/kr) n cybetpata NO-cuHTasbl L-aprvHmHa (L-Arg, 600 mr/kr) Ha
aKTVBHOCTb KrtoyeBbIX hepmeHTOoB cuHTe3a (5-amuHoneBynuHatcuHTasbl, AJIKC) u  gerpagauum rema
(remokcureHassbl, [O), Ha cogepxaHne cBoOOAHOrO remMa B NeveHn, a Takke Ha cogepXaHue rema B CbIBOPOTKE
kpoBu Kkpbic. [oHopbl NO BBognmu oTgensHo vnu 3a 30 MUH OO WMHBbEKUMM Xnopvga reMuHa. YpoBeHb
cBOBOOHOro remMa B MeYeHW OLeHMBanM Mo COOTHOLLEHMIO aKTMBHOCTM XonodepmeHTa 1 obLlen akTMBHOCTU
TpuntocpaH-2,3-anokcureHasel  (TOO). Yepes 2 4 nocne BBegoeHust Xnopuga remuvHa Habnoganoch
3Ha4MTENbHOE NOBbILLEHNE YPOBHS reM-cogepalumx NpoAyKToB U NPOAYKTOB nepokcuaaumm nunugos (TEKPIT)
B CblBOPOTKE KPOBW. [laHHble M3MEHEeHWs COMpOBOXAanuCb CHukeHneM aktuBHocTM AJIKC u yBenuyeHvem
aKTMBHOCTU xonodpepmeHTa M HacbiweHns remom TAO, 4TO ABNSieTCS pe3ynbTaToM HAaKOMMEHUs B NeYeHu
cBobogHoro rema. Yepes 244 nocrne BBeOeHWs Xopuaa reMuHa CoAaepXaHWe rema B CbIBOPOTKE
HopmMarnu3oBanocb, a ypoBeHb TBKPI1 octaBanca nosbilweHHbIM. B neveHn yvepes 24 4 genctsusa remuHa
OTMEYEeHO 3HauuTernbHoe nosbiweHne aktmeHocTn MO n AJIKC, Torga kak crteneHb Hacbiwenus TOO remom
CHWXanacb, 4YTO CBMAETENbCTBYET O MpeBanMpoBaHMM Mpouecca Aerpagaumn rema Hag ero cuHtesom. Oba
AoHopa NO He BnMsiNM Ha HakomnsieHye remMa B CbIBOPOTKE M MEeYEHN B NepBble Yackl 4encTBus remmHa. OgHako
ycTaHoBreHbl ocobeHHocTy aenicteua SNP un L-Arg Ha kntoveBol (oepMEHT CUHTE3a reMa B NEYEHN U YPOBEHb
TBKPI B cbiBOopoTKe KpoBu. L-Arg, B otnndme oT SNP, npepoTepaluan HakonneHne TBKPI1 B cbiIBOPOTKE, HO HE
npegynpexagan cHwkeHns aktmeHocTu AJIKC yepes 2 4 nocne nHbekumn xrnopuga remvHa. Beegernue camoro
SNP BbI3biBano nosbiweHne ypoBHA TBKPI B cbiBOpoTKe, yBenuyeHne aktvBHoctu TOO w cHuxeHue
aktneHocTn AJIKC B neyeHn yepe3 2 4. CogepxaHue rema B CbIBOPOTKE MOMOXUTENBHO KOPPEnupoBasno c
aKTUBHOCTbLIO XonodepMeHTa 1 HacblweHnem remom TAO B neyenwn. MNpegobpaboTtka goHopamm NO He Bnusna
Ha nosbiweHne akTueHocTM 'O, ogHako 6rokuposana uHaykumio AJTKC, cHKeHVe akTUBHOCTY xonodepmeHTa
1 cTeneHun HacoiweHus remom TOO vepes 24 4 nocne BBeAeHVs xropyaa reMuHa. Takum obpasom, n SNP, u L-
Arg npegoTBpallany CHWKeHWe YpOBHA CBOOOAHOrO rema B MEYeHW, YTO MOXET OblTb CBA3aHO C
HUTPO3UNMpoBaHWeM rema B npucyTtcTeum goHopos NO u, kak crneacTeve, ero bonee meaneHHoW Aerpagaumen
B reMOKCMreHa3How peakuuu.

KnioueBble cnoBa: obMeH 2ema, reyeHb, CbIBOPOMKa Kposu, 2ceMUH, OOHOpr okcuda azoma.

Introduction

Heme (Fe?*-protoporphyrin) is ubiquitously used as a prosthetic group in various hemoproteins
whose renewal is based on the constant heme turnover (Ponka, 1997). Each step of heme metabolism
including heme synthesis, transport and degradation, is critically dependent on specific proteins and is
tightly regulated (Furuyama et al., 2007). “Free” (not incorporated in hemoproteins) heme is strong
lipophylic prooxidant able to damage biomolecules and biomembranes (Kumar, Bandyopadhyay, 2005).
On the other hand, free heme is known as a signal molecule with multiple regulatory functions that, first of
all, controls its own metabolism (Furuyama et al., 2007; Ponka, 1997; Ayer et al., 2016). Key enzyme of
heme biosynthesis, 5-aminolevulinate synthase (ALAS, EC 2.3.1.37), is regulated by heme at both
transcriptional and posttranscriptional levels (Ponka, 1997). Key enzyme of heme degradation, heme
oxygenase (HO, EC 1.14.14.18), has two isoforms, inducible HO-1 and constitutive HO-2, both regulated
by heme level but through different mechanisms (Wu, Wang, 2005; Yi, Ragsdale, 2007).

Free heme in mammals liver can originate from new heme synthesis as well as from degraded
hemoproteins including heme of hemoglobin that under intravascular hemolysis is transported into
hepatocytes (Smith, Morgan, 1985; Ponka, 1997). Various intracellular proteins able to bind free heme
are known, and one of them is rat liver enzyme, tryptophan 2,3-dioxygenase (TDO, EC 1.13.11.11), that
exists in two forms, heme-bound holoenzyme and apoenzyme, whose proportion depends on free heme
level (Badawy, 2017).

Free as well as protein-bound heme can be a target for nitrogen monoxide (NO) that is synthesized
from L-arginine by NO-synthases (NOS) and acts as an intracellular signal molecule (Treuer, Gonzalez,
2015). Although NO is a lipophilic radical molecule with strong affinity for heme iron (Bloodsworth et al.,
2000), the formation of heme-nitrosyl complexes can limit heme participation in oxidative processes and
therefore restrict heme prooxidant action (Osipov et al., 2007). NO is shown to have contradictory effect
on heme oxygenase activity: it induces HO-1 at transcriptional level (Wu, Wang, 2005) but inhibits both
HO-1 and HO-2 activities through heme nitrosylation in heme-binding sites (Ding et al., 1999; Kinobe et
al., 2004). The regulation of ALAS and TDO activities by NO under free heme accumulation in liver has
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not been deeply investigated. NO synthesis by NOS could be inhibited under stress or arginine
deficiency, therefore direct NO donors are widely used to bypass this limitation (Cavicchi et al., 2000).

Taking all this into account, we studied the effects of NO donor sodium nitroprusside and NOS
substrate L-arginine on the activities of the key enzymes of heme metabolism, as well as free heme level
in the rat liver and heme level in blood serum under hemin action in vivo.

Materials and methods

Wistar male rats (160—-200 g) used in the study were divided into 6 experimental groups. Hemin
was dissolved in minimum volume of 1M NaOH and diluted 40 times by 0.9% NaCl. Hemin stock solution
was injected intraperitoneally at final dose 15 mg/kg body weight (group ‘Hemin’). Control animals (group
‘Control’) were injected with the corresponding volume of 0.9% NaCl. Sodium nitroprusside (SNP) was
dissolved in 0,9% NaCl and administered intraperitoneally at final dose 1 mg/kg alone (group ‘SNP’) or 30
min before hemin chloride injection (group ‘Hemin+SNP’). L-Arginine (L-Arg) was dissolved in minimal
volume of 1N HCI, the solution was neutralized by 2N NaOH to pH 7.0, and then 0.9% NaCl was added to
reach the required volume. L-Arg was administered intraperitoneally in dose 600 mg/kg alone (group ‘L-
Arg’) or 30 min before hemin chloride injection (group ‘Hemin+L-Arg’). The animals were decapitated
under light ether anesthesia 2 or 24 hours after hemin chloride (groups ‘Hemin’, ‘Hemin+SNP’, ‘Hemin+L-
Arg) and 2,5 or 24,5 hrs after NO-donors administration (groups ‘SNP’ and ‘L-Arg’).

Blood was collected to obtain serum. The liver was perfused in situ with cooled physiological
saline. Subcellular fractions were obtained by standard differential centrifugation at 2°C.

5-Aminolevulinate synthase activity was measured in liver homogenates by the amount of 5-ALA
(Marver et al.,, 1966) and expressed in nmol 5-ALA/h per mg protein. Heme oxygenase activity was
measured in post-mitochondrial fraction of liver and estimated by the amount of bilirubin using extinction
coefficient 4x10* M-*cm™ and was expressed as nmol bilirubin/min per mg protein (Sardana et al., 1985).
Methemalbumin used as the substrate was formed in situ from hemin (final concentration 0.033 mM) and
human serum albumin (final concentration 0.0025 mM).

Tryptophan 2,3-dioxygenase enzyme activity was measured in post-mitochondrial fraction of liver
without hemin addition (holoenzyme activity) or after addition of hemin chloride in final concentration
0,002 mM (total activity). Both holoenzyme and total activity were estimated by the amount of kynurenine
generated from L-tryptophan, the data expressed in nmol kynurenine/h per mg protein (Badawy, Evans,
1973). Heme saturation of TDO was calculated as the ratio of holoenzyme activity to total activity and
expressed as a percentage.

The content of lipid hydroperoxides (TBARS) was measured in serum and in post-mitochondrial
fraction of liver by the reaction with thiobarbituric acid (Ohkawa et al., 1979) and expressed in equivalent
amounts of malonic dialdehyde (MDA) using coefficient of molar extinction 1,56-10° M*.cm™. The level of
heme-containing compounds in serum was estimated by optical density in the Soret region (390-450
nm), and expressed in AA/mg protein (Hrkal, Muller-Eberhard, 1971). Protein content was determined by
Lowry method modified by Miller using bovine serum albumin as the standard (Miller, 1959).

Statistical processing of the data was performed using parametric methods. A threshold p<0.05
was considered statistically significant.

Results and discussion

Hemin chloride significantly increased serum absorbance in Soret region that reached 340% (group
‘Hemin+L-Arg’), 390% (Hemin) and 430% (Hemin+SNP) of the control level two hours after hemin
chloride injection (Table 1).

This makes evidence on the accumulation of heme-containing compounds that could originate from
erythrocyte lysis and/or exogenous hemin presence. Pretreatment by NO donors didn’t prevent and NO-
donors by themselves didn’t cause heme accumulation in serum at this period of time. 24 hrs after hemin
chloride injection serum absorbance in Soret region was at control level except co-treatment with SNP
wherein this parameter was 2.7 times higher than control (Table 1) that could be the sign of more
prolonged circulation of hemolysis products.

Two hours after hemin and/or SNP treatment the content of TBARS in serum was increased to
155-160 % of control level while L-Arg prevented hemin-induced raise of TBARS level (Table 1). Free
heme molecule is strong lipophilic prooxidant able to interact with cell membranes and low density
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lipoproteins (Kumar, Bandyopadhyay, 2005). Moreover, iron ion released from heme could catalyze free
radical processes, therefore high TBARS level can be the result of free heme accumulation.

Table 1.

The absorbance in Soret region and TBARS content of rat serum after hemin chloride and
NO donors injection (M+m, n=5-6, *p<0.05 versus control values)

Experimental Absorbance in Soret region, TBARS content, _
group AA/mg protein nmol MDA/mg protein
2 hrs 24 hrs 2 hrs 24 hrs
Control 0,035+0,005 0,034+0,006 1,00+0,09 1,00+0,09
Hemin 0,130+0,014* 0,034+0,006 1,64+0,15* 1,40+0,11*
SNP+Hemin 0,142+0,035* 0,088+0,013* 1,57+0,21* 1,54+0,11*
L-Arg+Hemin 0,112+0,018* 0,037+0,006 1,28+0,12 1,58+0,12*
SNP 0,032+0,004 0,022+0,004 1,49+0,09* 0,97+0,18
L-Arg 0,028+0,004 0,030+0,008 1,02+0,12 1,03+0,11

SNP and L-Arg revealed different effects on TBARS level in blood serum two hours after hemin
chloride injection. Pretreatment by L-Arg prevented TBARS accumulation induced by hemin while SNP
did not affect this parameter. The antioxidant and antiradical properties of L-Arg were shown in model
systems both in vitro and in vivo wherein L-Arg was able to limit superoxide formation and lipid
peroxidation (Milutina et al., 1990). On the other hand, L-Arg can be utilized for synthesis of NO that has
dual antioxidant role. Firstly, it promotes the formation of heme-nitrosyl complexes (NO-Fe-protoporphyrin
IX) that restricts prooxidant effects of heme (Osipov et al., 2007) and secondly, it can break free radical
chain reactions through direct interaction with alkoxyl and peroxyl radicals (Chamulitrat, 1998). In contrast
to L-Arg SNP is known as prooxidant (Nazari et al., 2012) and the increased TBARS level found in blood
24 hours after only SNP injection (Table 1) is consistent with this data. L-arginine by itself didn’t cause the
accumulation of TBARS at both periods.

The TBARS level in serum was greatly increased 24 hrs after hemin chloride injection (140-158 %
of control) independently of the presence of NO donors. High level of TBARS under normal level of heme-
containing compounds in serum at this time can make evidence on heme binding with blood or
endothelial cells first hours after action that intensified lipid peroxidation (Balla et al., 1993).

Hemin caused significant increase in TDO holoenzyme activity in rat liver two hours after injection
(Table 2), which was not prevented by NO donors. The most pronounced raise of this parameter (350%
of control level) was revealed under hemin and SNP co-treatment.

It should be noted that 2 hrs after injection (Table 2) SNP by itself increased not only holoenzyme
TDO activity (177% of control) similar to action of hemin but also increased total (153%) TDO activity. The
raise of total TDO activity might be due to apoenzyme stabilization by heme and/or activation of
apoenzyme synthesis de novo at transcription level under glucocorticoid action (Badawy, 2017).

Table 2.
The holoenzyme and total enzyme activity of TDO in rat liver after hemin chloride and NO
donors injection (nmol kynurenine/h per mg protein; M+m, n=5-6, *p<0.05 versus control values)

Experimental TDO holoenzyme activity TDO total activity
group 2 hrs 24 hrs 2 hrs 24 hrs
Control 6,33+1,17 6,78+1,41 20,36+1,51 21,52+4,16
Hemin 16,95+2,62* 2,81+0,79* 21,90+2,83 15,39+3,46
SNP+Hemin 20,55+2,16* 5,17+1,16 24,34+1,79 29,62+4,85
L-Arg+Hemin 13,67+2,58* 3,88+0,35 19,80+2,70 19,15+4,41
SNP 11,0240,84* 3,43+0,65 31,90+2,45* 19,13+4,23
L-Arg 7,06+0,71 7,80+1,62 18,74+1,99 16,06+4,68
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24 hrs after hemin treatment TDO holoenzyme activity sharply decreased to 41% of control level
that was prevented by NO donors. Total TDO activity was at the control level 2 hrs and 24 hrs after hemin
chloride injection independently of pretreatment by NO donors (Table 2).

The free heme level in rat liver can be evaluated by the tryptophan-2,3-dioxygenase apoprotein
heme saturation. This parameter was increased 2.3 times two hours after hemin action from 33% to
almost 77% that made evidence on free heme accumulation in cytosolic fraction of rat liver (Table 3). The
early raise of TDO heme saturation was not prevented by NO donors.

The decrease in TDO heme saturation 24 hrs after hemin action (59% of control) accompanied by
the decrease in holoenzyme activity but not by apoenzyme induction or stabilization (Table 3) was the
sign of heme deficiency (Badawy, 2017). Such changes could be the result of the inhibition of heme
synthesis and induction of heme degradation (Kaliman et al., 1989). Both SNP and L-Arg prevented the
decrease in TDO heme saturation 24 hrs after hemin treatment. Changes in free heme level were not
followed by alterations of TBARS level in rat liver (Table 3). In spite of SNP effect on TDO activity, TDO
heme saturation didn’t change after SNP action (Table 3).

Table 3.
The heme saturation of TDO and TBARS content of rat liver after hemin chloride and NO
donors injection (M+m, n=5-6, *p<0.05 versus control values)

Experimental TDO heme saturation, % nmoTEA%FSnfgg:‘eSrt(’)tein

group 2 hrs 24 hrs 2 hrs 24 hrs
Control 33,27+4,35 30,64+2,30 0,90+0,14 0,90+0,14
Hemin 76,60+5,96* 17,9540,93* 1,00+0,19 0,84+0,05
SNP+Hemin 89,64+2 54* 34,21+7,08 0,91+0,20 0,71+0,18
L-Arg+Hemin 66,64+9,58* 32,50+9,43 0,91+0,09 0,70+0,15
SNP 42,38+10,04 20,6545,63 0,60+0,09 0,71+0,08
L-Arg 39,45+4,96 47,95+12,95 0,82+0,10 0,69+0,07

It is known that hepatocytes have receptor-mediated mechanism for capture of extracellular heme
complexed with hemopexin with its further transport by intracellular heme-binding proteins to endoplasmic
reticulum for degradation in heme oxygenase reaction (Smith, Morgan, 1985). Specific protein-mediated
heme traffic into hepatocytes does not cause the activation of free radical processes (Eskew et al., 1999).
Overloading of this system could result in non-specific heme transport into hepatocytes, increase in free
heme pool in membranes and cytosol with promotion of lipid peroxidation (Balla et al., 1993). The
accumulation of heme-containing products in serum and free heme in liver revealed first hours after
hemin chloride injection (Table 1) was not accompanied by increase in TBARS content in liver (Table 3).
So we can suppose the maintenance of capacity of heme-binding systems in blood plasma after this dose
of hemin.

The activity of the key enzymes of heme metabolism in liver was revealed to be differently affected
by NO-donors (Table 4). ALAS activity altered in two-phase manner with decrease to 50% of control level
2 hrs after hemin chloride injection and the increase to 230% 24 hrs after treatment. According to our
previous data, the activity of ALAS was decreased for at least 6 hrs while the raise of ALAS activity was
firstly observed 18 hrs after administration of hemin chloride in dose of 15 mg/kg b.w. (Kaliman et al.,
1989). Such kind of ALAS dynamics is due to free heme level oscillations in liver cells (Braidotti et al.,
1993). The accumulation of free heme is known to inhibit ALAS synthesis at transcriptional and
translational levels, to destabilize ALAS mRNA and to inhibit ALAS precursor transport into mitochondria
(Furuyama et al., 2007). The exhaustion of free heme pool on the contrary causes the activation of ALAS
synthesis.

The decrease in ALAS activity by hemin 2 hrs after injection was prevented under co-treatment
with SNP but not with L-Arg. It should be noted that SNP by itself caused the decrease in ALAS activity
(to 56% of control). The similar inhibition of erythroid-specific ALAS2 in murine reticulocytes under SNP
action was shown by Mickael with co-authors (Mikhael et al., 2013). Both NO donors blocked the
increase in ALAS activity in the second phase of hemin action that could be due to relatively high heme
concentration in liver cells according to TDO heme saturation (Table 3).
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HO activity increased to 215% of control level 24 hrs after hemin chloride injection (Table 4). Liver

cells have two isozymes of HO, inducible HO-1 and constitutive HO-2. Heme oxygenase-1 gene
expression is known to be induced through heme responsive transcription factors under various stress
and pathological conditions accompanied by free heme accumulation (Furuyama et al., 2007). The raise
of inducible HO-1 activity may lead not only to degradation of excessive free heme but also to less
availability of heme for synthesis of hemoproteins such as microsomal cytochrome P450 (Kaliman et al.,
1989).

Table 4.
The activities of ALAS and heme oxygenase (HO) in rat liver after hemin chloride and NO
donors injection (M+m, n=5-6, *p<0.05 versus control values)

Experimental ALAS activity, _ N I-_|O a_ctivity, _

group nmol 5-ALA/h per mg protein nmol bilirubin/min per mg protein
2 hrs 24 hrs 2 hrs 24 hrs

Control 0,050+0,007 0,050+0,007 0,032+0,005 0,034+0,004
Hemin 0,025+0,007* 0,115+0,021* 0,030+0,003 0,073+0,008*
SNP+Hemin 0,034+0,011 0,057+0,013 0,028+0,001 0,073+0,004*
L-Arg+Hemin 0,025+0,006* 0,039+0,010 0,024+0,002 0,061+0,004*
SNP 0,028+0,004* 0,058+0,012 0,029+0,004 0,041+0,005
L-Arg 0,043+0,004 0,030+0,006 0,026+0,001 0,035+0,002

Hemin and NO donors, including SNP, are known to synergistically stimulate HO-1, thereby they
strengthen intracellular heme accumulation (Foresti et al., 2003). Basing on this data we expected the
activation of heme transfer from blood to liver and HO induction under co-treatment by hemin and NO-
donors. Nevertheless, no significant difference was revealed in free heme level and the degree of HO-
activity increase in liver between only hemin action and its co-action with NO-donors.

NO is known to have various effects on HO activity. NO was shown to activate HO-1 expression in
rat aortic smooth muscle cells, to increase both HO-1 mRNA stability in human fibroblast cells (Wu,
Wang, 2005) and HO-1 induction by heme in endothelial cells (Foresti et al., 2003). Peroxynitrite that is
one of NO metabolites is the inhibitor of HO activity through the nitration of tyrosine residues in HO-1 and
cysteine residues in HO-2 (Kinobe et al., 2004). The inhibitory effect of NO on heme oxygenase was also
shown under action of NOS inhibitors (Mayer et al., 2003). In our experiments NO donors affected neither
the basal level of HO activity nor the induction of HO by hemin (Table 4).

To sum up, hemin chloride in vivo (15 mg/kg b.w.) caused the significant increase in both heme-
containing products and TBARS levels in blood serum two hours after injection. Heme income from blood
replenished the free heme pool in liver that was confirmed by the inhibition of ALAS activity and by the
increase in TDO holoenzyme activity as well as TDO heme saturation first hours after hemin chloride
injection. No activation of free radical processes in liver testified that heme transport from blood to liver for
degradation was performed by the help of specific transporters. 24 hrs after hemin chloride injection
heme content in serum was normalized while TBARS level in serum was still higher than in control. The
raise of HO activity in liver at this period could cause the fall of free heme level revealed by the decrease
in TDO holoenzyme activity and heme saturation as well as the increase in ALAS activity.

Both NO donors were unable to prevent the accumulation of heme in serum and liver 2 hrs and the
activation of lipid peroxidation in serum 24 hrs after hemin chloride injection. Nevertheless ALAS activity
was not inhibited after co-treatment by hemin with SNP while only hemin as well as only SNP decreased
its activity. SNP by itself did not cause heme accumulation in serum but increased TDO holoenzyme
activity 2 hrs after injection.

Possible source for excessive heme that affected both ALAS and TDO could be the inhibition of
heme degradation due to heme nitrosylation under NO release from SNP as direct NO donor (Wang et
al., 2003). L-Arg but not SNP was effective in prevention of TBARS accumulation in serum 2 hrs after
hemin action.

SNP delayed the normalization of heme level and did not protect from activation of lipid
peroxidation in serum first hours after hemin chloride injection. Ability of SNP alone to cause TBARS
accumulation in serum and to affect TDO and ALAS activities in liver makes it less safe towards cellular
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metabolism than L-Arg. Thus direct NO donor SNP and L-Arg that is the substrate of NOS and has
antioxidant properties (Milutina et al., 1990) revealed different effects on prooxidant indexes in blood and
heme metabolism in liver.

Heme content in serum revealed strong positive correlation with TDO holoenzyme activity (r=0.83;
p=0.002) or TDO heme saturation in liver (r=0.79; p=0.004) but no significant correlation with TBARS
level in serum. ALAS activity negatively correlated with TDO heme saturation (r= —0.61; p=0.045). These
data confirm the dependence of ALAS activity on heme level as well as the role of blood heme as
potential source for free heme pool in liver. While lipid peroxidation in serum was not directly dependent
on heme level under investigated dose of hemin.

Intracellular heme concentration is known to be strictly controlled at the levels of its synthesis,
degradation, transport and incorporation into hemoproteins (Furuyama et al., 2007). The imbalance of
these processes leads to oscillations of free heme pool whose increase under NO accumulation could
cause heme nitrosylation. Heme-nitrosyl complexes formed under high NO concentration were shown to
reversibly inhibit heme oxygenase that resulted in the decrease in the level of end product of heme
degradation, bilirubin (Wang et al., 2003). In the experiments with glycerol model of rhabdomyolysis we
also showed the decrease in bilirubin level in blood and the accumulation of heme in tissues caused by L-
Arg injection (Nikitchenko et al., 2011).

Under hemin treatment both NO donors did not affect heme accumulation in liver first hours but
prevented the decrease in heme level 24 hrs after injection. The absence of ALAS induction 24 hrs after
co-action of hemin and NO-donors was accompanied by the maintenance of TDO holoenzyme activity
and heme saturation at control level unlike after only hemin action. It should be noted that HO activity was
two-fold increased at this period of time but this did not lead to the lack of heme for TDO. Thus, both SNP
and L-Arg prevented a decrease in free heme level in liver, which might be due to its nitrosylation in the
presence of NO donors and, as a result, slower degradation in the heme oxygenase reaction.

The ability of both NO donors to affect in vivo free heme level and key enzymes of heme
metabolism in liver has to be taken into account under NO therapy of pathological states accompanied by
increased hemolysis and hemoproteins degradation.
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