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The paper is devoted to validation of our hypothesis concerning an obligatory involvement of innate immune 
response in a liver transition from quiescence to proliferation. Our research is focused on the expression of
IFNa, its receptor (first subunit) and its target – protein kinase R (PKR) during first 12 hours after
regenerative stimulus. Two models were used – rat liver after partial hepatectomy (PHE) and after
laparatomy, that imitate transition of inactive liver cells to proliferation and acute phase response as a
component of liver response to PHE, cor- respondingly. After PHE a short-term increase in IFNa
expression is revealed in Kupffer cells. In hepatocytes PKR – mRNA up-regulation takes place, followed by
an increase in IFNa – mRNA production. Taking into account the dual function of PKR as a target and
inducer of IFNa, we suggest that secretion of IFNa by Kupffer cells leads to the activation of PKR gene
expression in hepatocytes, in which the product of PKR gene in its turn provokes an increase in the  IFNa
gene expression. After laparatomy the IFNa expression is down-regulated in Kupffer cells and hepatocytes.
The expression of PKR – gene is opposite to that, observed after PHE – the level of PKR-RNA decreases in
hepatocytes and transiently increases in Kupffer cells. PKR protein is detected in nuclei and cytoplasm in
hepatocytes in intact liver and liver after laparatomy while it is concentrated in cytoplasm after 6 hours
post-PHE, releasing nuclei from antigen. The expression of all investigated genes is cell-specific. It reveals
respectively the activation and   inhibition of IFNa system that is characteristic of the liver restoration and
acute phase reaction.
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In tro duc tion. Liver re gen er a tion af ter me chan i cal or
toxic in jury is a com plex multi-com po nent pro cess,
which is reg u lated in time and space and leads to the

res to ra tion of or gan’s mass and func tion. Our pre vi ous
study has re vealed for the first time that the syn the sis of 

in ter feron al pha (IFNa) in creases at the early stage of
liver re gen er a tion [1]. This fact, in con cor dance with
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the ac ti va tion of com ple ment sys tem [2], points to the
es sen tial role of in nate im mu nity in the triggering of
liver regeneration. 

The aim of this study was to un ravel the spe cific in -
volve ment of hepatocytes and ses sile macrophages,
Kupffer cells, in IFNa and IFNa-me di ated gene ex -
pres sion af ter par tial hepatecomy (PHE) and
laparatomy as the re spec tive mod els of liver tran si tion
from qui es cence to pro lif er a tion and acute phase re -
sponse. The lat ter is a com po nent of liver re sponse for
PHE and serves as a con trol. The re search was car ried
out dur ing the first 12 hours af ter both op er a tions,
which cor re spond and em brace tran si tional and
prereplicative pe ri ods of the first cell cycle in
hepatocytes after PHE.

The hepatocytes are mainly re spon si ble for the
work of “bio chem i cal fac tory” of the body and the
Kupffer cells - for the syn the sis of mul ti ple reg u la tory
mol e cules in clud ing cytokines and eicosanoids [3]. We 
fo cused our in ves ti ga tion on the genes that en code
IFNa, IFNa-reg u lated pro tein kinase R (PKR), and
gene that en codes the first chain of IFNa re cep tor
(IFNAR1), as in dis pens able me di a tor in sig nal
transduction from IFNa to PKR promoter.

PKR (EC 2.7.11.1) is en coded by a sin gle gene
copy in 6q11 lo cus of the 6th chro mo some in rat ge -
nome. The pro moter of PKR gene con tains a pu ta tive
interferon-stimulated response element (ISRE) with a
sim i lar ity score of 0.77 to ISRE-ma trix, as as cer tained
by COTRASIF pro gram [5]. There fore, PKR gene ex -
pres sion can be in duced by IFNa. Re cip ro cally, PKR
pro tein me di ates the in duc tion of IFN gene ex pres sion
[4]. The PKR en zyme pos sesses dual spec i fic ity, as
serine/threonine kinase with pro tein sub strates and
thyrosine kinase in autophosphorylation [4]. PKR,
orig i nally in ac tive, may be ac ti vated by dou -
ble-stranded RNA, intracellular pro teins like
ÐÀÑÒ/RAX, and 5¢-un trans lated re gions of sev eral
mes sen ger RNAs. The re sult ing autophosphorylation
is indispensible for the en zy matic ac tiv ity. In ad di tion
to the kinase ac tiv ity, PKR acts as an adap tor for some
intracellular pro teins. It reg u lates trans la tion and
intracellular sig nal transduction that points to its abil ity 
to es sen tially am plify the in ducer sig nal, par tic u larly
that from IFNa [4].

Ma te ri als and Meth ods. The re search was car ried
out on fe male non lin ear rats (200–250g). Op er a tions of 
PHE and LAP were con ducted ac cord ing to the stan -
dard pro ce dure un der ether an es the sia [6]. Hepatocytes
and Kupffer cells were iso lated by the mod i fied method 
of Berry and Friend in 1, 3, 6 and 12 hours af ter both
op er a tions us ing an es the sia by ketamine and xylasine
[7]. Gene ex pres sion was as sessed at mRNA level by
quan ti ta tive re verse tran scrip tase - poly mer ase chain
re ac tion in real time (qRT-PCR). RNA was iso lated by
stan dard Chomczynski method [8]. RNA sam ples were 
sub jected to DNAse treat ment, fol lowed by re verse
tran scrip tion with ran dom hexamer prim ers [9]. Primer
de sign for PCR and ver i fi ca tion of their qual ity were
de scribed pre vi ously [1]. To con struct stan dard curve
for qRT-PCR the spe cific amplicons were pro duced,
pu ri fied and used for calibration either directly or being 
cloned into vector DNA.

The ex pres sion of PKR-gene at the pro tein level
was as sessed by West ern-blot anal y sis with polyclonal
anti-rat an ti bod ies (Sigma-Aldrich, Ger many). The re -
sults were nor mal ized to the to tal pro tein load af ter
Ponseau S stain ing and sub se quent densitometry. The
lo cal iza tion of the PKR pro tein in the liver was de -
tected by stan dard immunohistochemical pro ce dure
with polyclonal anti-rat an ti bod ies (Sigma-Aldrich,
Ger many).

The time-de pend ent level of the PKR pro tein in re -
sponse to PHE was com pared to its level in cul ti vated
hepatocytes sub jected to IFNa treat ment dur ing cor re -
spond ing time. Af ter iso la tion the hepatocytes were
cul ti vated for 24 hours in Wil liams’ me dium E
(Sigma-Aldrich, Ger many) with out se rum, the me dium 
was changed for the same one with an ad di tion of the
rat re com bi nant IFNa (Sigma-Aldrich, Ger many) to
the fi nal con cen tra tion of 250 units/ml or with out it.
The cells were in cu bated for 3, 6 and 12 hours. Af ter -
wards the cells were washed with PBS, RNA was ex -
tracted with Trizol (Qiagen, USA) and qRT-PCR was
carried out as described above.

Re sults and dis cus sion. The lev els of IFNa-,
IFNAR1- and PKR-spe cific mRNAs in Kupffer cells
and hepatocytes af ter PHE and LAP. As it is shown in
Fig. 1a, the def i nite con tent of IFNa-spe cific mRNA is
de tected in Kupffer cells iso lated from qui es cent liver.
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It sub stan tially in creases im me di ately af ter op er a tion
and re turns to the ini tial level there af ter. 

It is known that Kupffer cells in qui es cent rat liver
are in the primed state even when ob tained from
germ-free rats. It means that they pro duce IFNa at a
low level be ing not ac ti vated and thus do not re quire
like e.g. mouse macrophages the two-stage ac ti va tion.
They need only an elicitor to be come fully ac tive [10].
In duced by PHE rapid up-reg u la tion of ini tially low
IFNa ex pres sion in Kupffer cells il lus trates this
statement. 

As we have shown pre vi ously with a  bi o log i cal test 
the pro duc tion of IFNa pro tein in creases at the first
hours af ter PHE in the whole liver [11] and cor re sponds 

to the up-reg u la tion of IFNa mRNA in this study. We
pre sume that ini tially syn the sized by Kupffer cells
IFNa is se creted. It binds to cog ni tive re cep tors par tic -
u larly on Kupffer cells and hepatocytes in autocrine
and paracrine man ner cor re spond ingly, and trans mits
the signal inside the cells. 

It is highly prob a ble that IFNa, as a typ i cal in ducer
of PKR gene, causes sub stan tial in crease of PKR-spe -
cific mRNA in hepatocytes and small fluc tu a tion in
Kupffer cells that are ob served in this study (Fig. 1a, b). 
To find out to what ex tent the in crease in PKR-spe cific
mRNA in hepatocytes may be caused by the IFNa ac -
tion, we cul ti vated the pri mary hepatocytes in the pres -
ence and ab sence of IFNa for 3, 6 and 12 h. The con tent 
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Fig.1. The level of mRNAs in Kupffer cells (a) and hepatocytes (b), isolated from regenerating rat liver.1 – IFNa; 2 – IFNAR1; 3 – PKR

Fig.2. The level of mRNAs in Kupffer cells (a) and hepatocytes (b), isolated from rat liver after laparatomy¿: 1 – IFNa; 2 – IFNAR1; 3 – PKR



of PKR-spe cific mRNA in cul ti vated hepatocytes in -
creases un der IFNa treat ment, reaches its max i mum to
6 h and re turns to the ini tial level to 12 h of in cu ba tion.
It does not change no tice ably in the cells not treated
with IFNa (data not shown). We as sume that af ter PHE 
be sides IFNa other agents - most likely sig nals from
Toll-like re cep tors [4] - may sup port more pro longed
up-reg u la tion of the PKR expression in hepatocytes.

PHE in duces also the up-reg u la tion of IFNa- and
IFNAR1- genes ex pres sion in hepatocytes but both are
less pro nounced than that of PKR-gene. The el e va tion
of IFNa-spe cific mRNA con tent in hepatocytes may be
partly ex plained by pu ta tive ac tiv ity of PKR pro tein
that can stim u late IFNa tran scrip tion via sig nal ing
path ways [4]. The in crease of IFNAR1- mRNA con tent
in hepatocytes may be con nected with the in creased
turn over of IFNAR1-re cep tor due to the bind ing of el e -
vated amount of IFNa, re cep tor in ter nal iza tion with its
subsequent degradation [12]. 

The ex pres sion of the in ves ti gated genes af ter LAP
sub stan tially dif fers from that af ter PHE. The con tent of
IFNa mRNA dra mat i cally de clines in Kupffer cells and
slightly de clines in hepatocytes (Fig.2 a, b). These data
are in ac cor dance with the de crease in con tent of IFNa
pro tein pre vi ously re vealed by bi o log i cal test ing [11].

The liver re sponse to the in jury of ab do men wall
and peri to neum is a sig nif i cant part of a sys temic re -
sponse or acute phase re ac tion to any kind of in jury. At
the same time it is a com po nent of a liver re sponse to
PHE that in cludes a lo cal and sys temic re sponse to the
in jury and adap tive re sponse lead ing to the res to ra tion
of liver mass and func tion. The dra matic down-reg u la -
tion of IFNa gene ex pres sion af ter LAP gives a clue to
con sider it as a neg a tive reg u la tor of acute phase re ac -
tion and em pha sizes the im por tance of IFNa up-reg u -
la tion in response to PHE. 

Af ter LAP the level of IFNAR1 mRNA de creases
in Kupffer cells and does not un dergo sub stan tial
changes in hepatocytes. These data cor re spond to the
down-reg u lated ex pres sion of IFNa. The level of PKR
mRNA tem po rarily in creases in Kupffer cells while it
de creases and re turns to the ini tial level in hepatocytes 
12 h af ter op er a tion (Fig.2). An effector of the neg a tive
reg u la tion of PKR ex pres sion after LAP is unknown. 

Con tent and subcellular lo cal iza tion of PKR pro -
tein in liver cells af ter PHE and laparatomy. West ern

blot anal y sis has re vealed that PHE in duces the up-reg -
u la tion of to tal PKR in Kupffer cells in 3h af ter op er a -
tion that is si mul ta neous with the up-reg u la tion of PKR
mRNA. The level of PKR pro tein in hepatocytes af ter
both op er a tion and in Kupffer cells af ter LAP does not
change sig nif i cantly. In con trast to nearly per ti nent
amount of the PKR pro tein af ter both op er a tions its
intracellular dis tri bu tion is not sim i lar (data are not pre -
sented). Ac cord ing to the immunohistochemical anal y -
sis, the PKR pro tein is de tected in hepatocytes of in tact
rats as dis persed stain ing nearly equally dis trib uted be -
tween nu clei and cy to plasm that cor re lates with ex ist -
ing in for ma tion about pro tein compartmentalization in
the cells [13]. In Kupffer cells PKR is de tected in the
form of in ten sively brown gran ules. Af ter laparatomy
the pro tein dis tri bu tion be tween the nu clei and cy to -
plasm in hepatocytes does not change sub stan tially.
How ever, at 6 h af ter PHE the nu clei are nearly com -
pletely free from the pro tein while cy to plasm con tains
the major amount of it. At 12 h after PHE the initial
compartmentalization of PKR is restored. 

Ac cord ing to the ex ist ing data, the PKR pro tein
may in ter act with 40S sub unit of ri bo somes and reg u -
late the pro cess of trans la tion by phosphorylation of
eukaryotic ini ti a tion fac tor 2a (eIF2a).
Phosphorylated eIF2a par tially in hib its the mRNA
trans la tion and changes the pro file of trans lated RNAs
[4]. There fore, the tran sient ac cu mu la tion of PKR in
the cy to plasm may be an im por tant event in the de vel -
op ment of re gen er a tive pro cess and pro vides a chal -
lenge for fur ther in ves ti ga tion. Be sides
phosphorylation of eIF2a, PKR may in ter act with dif -
fer ent adap tor pro teins and thus interfere in different
signaling pathways [4].  

Con clu sions. For the first time we have shown that
the IFNa gene ex pres sion is up-reg u lated at the early
steps of liver re gen er a tion in duced by PHE. Kupffer
cells and hepatocytes are in volved in this pro cess in the
given or der. In hepatocytes the ex pres sion of PKR, the
tar get gene of IFNa, is up-reg u lated at the back ground
of less man i fested in crease in the IFNAR1 ex pres sion.
The up-reg u la tion of PKR ex pres sion in Kupffer cells
in 3h af ter PHE is sup ported by sim i lar changes at the
pro tein level at the back ground of slight fluc tu a tions of
IFNAR1 ex pres sion. The  PKR pro tein ini tially equally
dis trib uted be tween nu clei and cy to plasm is tem po rally 
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re dis trib uted af ter PHE with the ma jor ity of the pro tein
in cy to plasm. In con trast to PHE LAP in duces dra matic 
de crease in con tent of IFNa-spe cific mRNA in Kupffer 
cells and slight de crease in hepatocytes. The con tent of
PKR mRNA in hepatocytes is down-reg u lated with the
min i mal value in be tween 1 and 6h post op er a tively.
The con tent of PKR pro tein in Kupffer cells  and
hepatocytes is slightly fluc tu ates and the ini tial nearly
equal dis tri bu tion be tween nu clei and cy to plasm re -
tains. Tak ing into ac count the op po site changes of
IFNa ex pres sion af ter PHE and LAP in duc ing the tran -
si tion of liver cells from qui es cence to pro lif er a tion and 
acute phase re sponse, re spec tively, we sug gest that the
IFNa plays a special role in the triggering of
regenerative process. 

This re search was sup ported by STCU grant #
4381.

Ì. Ì. Ïå ðå ïå ëþê, À. Â. Êóêë³í, ß. Â. Ùåð áà, Á. Ò. Òî êî âåí êî, Í.
Â. Ìà êî ãîí, À. Ãîã ëåð, Ñ. Øàëå, Ì. Þ. Îáî ëå íñüêà 

²íòåð ôå ðîí a òà ïðî òå¿íê³íàçà Ð ó ïðî öåñ³ â³äíîâ ëåí íÿ ïå÷³íêè

ùóð³â ï³ñëÿ ÷àñ òêî âî¿ ãå ïà òåê òîì³¿

Ðå çþ ìå

Ï³ñëÿ ÷àñ òêî âî¿ ãå ïà òåê òîì³¿ (×ÃÅ) ó êë³òè íàõ Êóï ôå ðà ñïîñ -
òåð³ãàºòüñÿ êî ðîò êî ÷àñ íå âè ðà æå íå çðîñ òàí íÿ åêñïðåñ³¿ ãåíà
²ÔÍa, à â ãå ïà òî öè òàõ – ï³äâè ùåí íÿ ð³âíÿ ÐÍÊ ïðî òå¿íê³íàçè
Ð (ÏÊÐ), çà ÿêèì çá³ëüøóºòüñÿ âì³ñò ²ÔÍa-ÐÍÊ. Ëà ïà ðà òîì³ÿ 
ñïðè ÷è íÿº â êë³òè íàõ Êóï ôå ðà òà ãå ïà òî öè òàõ ñòð³ìêå çíè -
æåí íÿ êîí öåí òðàö³¿ ²ÔÍa-ÐÍÊ. Âì³ñò ìÐÍÊ ÏÊÐ ï³ñëÿ îïå -
ðàö³¿ çìåí øóºòüñÿ. Á³ëîê ÏÊÐ âè- çíà ÷àºòüñÿ â ÿä ðàõ ³
öè òîï ëàçì³ ãå ïà òî öèò³â â ³íòàêòí³é ïå÷³íö³ òà ïå÷³íö³ ï³ñëÿ
×ÃÅ ³ ëà ïà ðà òîì³¿ â óñ³ äîñë³äæó âàí³ ñòðî êè, îêð³ì 6 ãîä ï³ñëÿ
×ÃÅ, êîëè â³í ïðè ñóòí³é ó öè òîï ëàçì³ ³ ìàé æå íå âè ÿâ ëÿºòüñÿ ó 
ÿäð³. Åêñïðåñ³ÿ äîñë³äæó âà íèõ ãåí³â y êë³òè íàõ îáîõ òèï³â ìàº
âè ðà æå íèé êë³òè íîñ ïå öèô³÷íèé õà ðàê òåð ³ ñâ³ä÷èòü ïðî àê òè -
âàö³þ òà ³íã³áó âàí íÿ ñèñ òå ìè ²ÔÍa â³äïîâ³äíî â ïðî öåñ³
â³äíîâ ëåí íÿ ïå÷³íêè ï³ñëÿ ×ÃÅ òà ðå àêö³¿ ãîñ òðî¿ ôàçè ï³ñëÿ ëà -
ïà ðà òîì³¿.

Êëþ ÷îâ³ ñëî âà: iíòåð ôå ðîí a, ïðî òå¿íê³íàçà Ð, ðå ãå íå ðàö³ÿ
ïå÷³íêè.

Ì. Ì. Ïå ðå ïå ëþê, À. Â. Êóê ëèí, ß. B. Ùåð áà, Á. Ò. Òî êî âåí êî, 
Í. Â. Ìà êî ãîí, À. Ãîã ëåð, Ñ. Øàëå, Ì. Þ. Îáî ëåí ñêàÿ

Èíòåð ôå ðîí a è ïðî òå èí êè íà çà Ð â ïðî öåñ ñå  âîñ ñòà íîâ ëå íèÿ

ïå ÷å íè êðûñ ïî ñëå ÷àñ òè÷ íîé ãå ïà òýê òî ìèè

Ðå çþ ìå

Ïîñ ëå ÷àñ òè÷ íîé ãåïà òýê òî ìèè (×ÃÝ) â êëåò êàõ Êóï ôôå ðà
íà áëþ äà åò ñÿ êðàò êîâ ðå ìåí íûé âû ðà æå íûé ïîä ú åì ýêñ ïðåñ -

ñèè ãåíà ÈÔÍa, à â ãå ïà òî öè òàõ ïî âû øà åò ñÿ êî ëè ÷åñ òâî ÐÍÊ 
ïðî òå èí êè íà çû (ÏÊÐ), âñëåä çà ÷åì âîç ðàñ òà åò óðî âåíü  ÈÔÍ
a-ÐÍÊ. Ëà ïà ðà òî ìèÿ â êëåò êàõ Êóï ôôå ðà è ãå ïà òî öè òàõ ïðè -
âî äèò ê ðåç êî ìó ñíè æå íèþ ñî äåð æà íèÿ ÈÔÍa-ÐÍÊ. Ðå àê öèÿ
ÏÊÐ íà îïå ðà öèþ ÿâ ëÿ åò ñÿ ïðî òè âî ïî ëîæ íîé òà êî âîé íà
×ÃÝ. Áå ëîê ÏÊÐ îïðå äå ëÿ åò ñÿ â ÿä ðàõ è öè òîï ëàç ìå ãå ïà òî öè -
òîâ â èí òàê òíîé ïå ÷å íè è ïå ÷å íè ïî ñëå ëà ïà ðà òî ìèè âî âñå èñ -
ñëå äî âàí íûå ñðî êè, êðî ìå 6 ÷ ïî ñëå ×ÃÝ, êîã äà îí ïðè ñóò-
ñòâó åò â öè òîï ëàç ìå è íå âû ÿâ ëÿ åò ñÿ â ÿäðå. Ýêñïðåñ ñèÿ  èñ -
ñëå äó å ìûõ ãå íîâ â êëåò êàõ îá îèõ òè ïîâ èìå åò âû ðà æåí íûé
êëå òî÷ íîñ ïå öè ôè ÷åñ êèé õà ðàê òåð è ñâè äå ò åëüñòâó åò îá àê -
òè âà öèè è èí ãè áè ðî âà íèè ñèñ òå ìû ÈÔÍa ñî îò âå òñòâåí íî â
ïðî öåñ ñå âîñ ñòà íîâ ëå íèÿ ïå ÷å íè è ðå àê öèè îñòðîé ôàçû ïî ñëå
ëà ïà ðà òî ìèè.

Êëþ ÷å âûå ñëî âà: èí òåð ôå ðîí a, ïðî òå èí êè íà çà Ð, ðå ãå íå -
ðà öèÿ ïå ÷å íè.
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