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The article concerns the problem of transgenerational transmission of the changed activities of the
enzymes of pyrophosphatase and succinate dehydrogenase in the rats. The experiments were carri-
ed out on 6-month-old female Wistar rats and their progeny at the age of 17 and 30 days. The gesta-
ted rats, whose fetus were at the stage of organogenesis, were subjected to 20-minute daily hypoxia
(gas mixture of 90% nitrogen and 10% oxygen) for 5 days. The rat pups born from these females,
were decapitated and fragments of the orbital, sensorimotor and limbic cortex, hypothalamus and
cerebellum were taken from their brains and mitochondrial and cytosol fractions were fractiona-
ted. In the mitochondrial fractions of the all studied structures, significant downregulation of the
pyrophosphatase activity was found in the 17-day-old rat pups, though in the cytosol fraction it was
noted only in the orbital cortex. In the mitochondrial (except for the orbital and limbic cortex) and
cytosol fractions of the all studied structures of the 30-day-old rats, downregulation of pyrophosp-
hatase as well was observed. On the contrary, in the 17-day-old rat pups in the mitochondrial frac-
tions of the all studied structures, prominent upregulation of the activity of succinate dehydrogena-
se with its simultaneous downregulation in the cytosol fractions of the orbital and limbic cortex,
and cerebellum was revealed. In the 30-day-old rat pups, significant upregulation of this enzyme
activity was observed in the cytosol fractions of the all studied structures, whereas in the mitoc-
hondrial fractions (except for sensorimotor cortex) no changes were noted. It is concluded that a
transgenerational transmission of the altered activity of two enzymes occur, apparently due to epi-
genetic changes in the activity of the corresponding genes.

Keywords: Pyrophosphatase, succinate dehydrogenase, rats, brain structures, transgenerational trans-
mission.

me enzymes, in particular pyrophosphatase and
INTRODUCTION succinate dehydrogenase (Abiyeva, 2015; Rashi-
dova et al., 2019).

The goal of the present studies concludes in
analysis of possibilities of transmission of the
changes of the activities of enzymes of pyrop-
hosphatase and succinate dehydrogenase of the
brain structures of the Wistar rats, subjected to
hypoxia during the organogenesis period of gesta-
tion, to next generations.

Presently the problem of a risk of transgene-
rational transmission of pathological states att-
racts significant attention of scientists. It has been
shown that several types of pathological states can
be transmitted from one generation of the animals
to the next one (Bohacek and Mansuy, 2013; Ste-
enwyk et al., 2018). This problem has both scien-
tific and significant medical aspects and should be
the subject of intensive multidisciplinary studies.
The earlier conducted studies revealed that offsp-
ring of the female Wistar rats, exposed to hypoxia
during the organogenesis period of gestation, in
achieving the postnatal ages of 17 and 30 days,
had significant upregulation of the activities of so-

doi.org/10.29228/jlsb.38

MATERIALS AND METHODS

The studies were carried out on the Wistar 6-
month-old female pregnant rats and their progeny
at the ages of 17 and 30 days. The gestated female
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rats, whose fetus was at the stage of fetal organo-
genesis (6-16 days of gestation), were subjected to
20-minute hypoxia (gas mixture of 90% nitrogen
and 10% oxygen) daily, for 5 consequent days.
Their progeny, 17-day-old (n=4) and 3-month-old
(n=4) rat pups were sacrificed and orbital, limbic
and sensorimotor cortex, hypothalamus and cere-
bellum were removed, homogenized in 0.25 M
sucrose solution at a ratio of 1:9 and centrifuged
at a 20,000 g for 20 min to separate mitochondrial
(precipitate) and cytosol (supernatant) fractions.
Definition of activity of succinate dehydro-
genase. Incubation media was prepared by mixing
1 ml of 0.1 M phosphate buffer, 1 ml of 0.1 M
succinic acid, 1 ml of 25 mM EDTA and 1 ml of
150 mM of sodium azide and bringing pH value
of the mixture to pH7.8. The experimental tubes
were poured with 140 pL of the incubation media,
while the control tubes were poured with 2 ml of
20% solution of three-chlorine-acetic acid
(TCAA); thereafter 0.5 mL of mitochondria sus-
pension were added to all tubes and incubate for 5
min at room temperature. The reaction was launc-
hed by addition of 0.1 mL of 25 mM potassium
ferrocianide and the samples were incubated at
30°C for 10-15 min. The reaction was stopped by
cooling the samples and adding 2 ml of 20% solu-
tion of TCAA into the experimental tubes. All
samples were centrifuged, supernatants were sa-
ved and their extinction was measured on the
spectrophotometer at a wavelength of 420 nm.
Definition of activity of pyrophosphatase.
Incubation media was prepared by mixing 1 mL
of 1mM PPi, 1 mL of 4 mM MgCl,, 1 mL of 0.1
mM EDTA, and 1 mL of 0.05 M tris-HCI buffer
and bringing pH value of the mixture to pH 7.4.
The experimental and control tubes were poured
with 1 mL of incubation media and 20 uL of a
sample and only in the control tubes 166 pL of
20% solution of TCAA were added. All samples
were incubated under 25°C for 30 min and then
166 pL of 20% solution of TCAA was added to
the experimental tubes too. The samples were in-
cubated under ambient temperature for 10 min.
The obtained extracts in an amount of 20 uL. were
added to the tubes containing 1 mL of the second
incubation mixture containing 30 mL of 0.1 M
acetate buffer, 3 mM of 1% molibdenic acidic
ammonium and 3 mL of 1% ascorbic acid, incu-
bated under ambient temperature for 10 min and
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the extinction was measured on a spectrophoto-
meter at wavelength of 660 nm.

The differences between groups were evalua-
ted with application of Student’s t-criterion.

RESULTS

The results of measuring the activities of suc-
cinate dehydrogenase and pyrophosphatase in the
progeny of the female rats, subjected to 10%
hypoxia during gestation period, at the stage of
organogenesis, revealed significant changes in
their specific activities in different brain structu-
res. In the 17-day-old rat pups significant downre-
gulations of the specific activities of pyrophosp-
hotase in the mitochondrial fractions of the orbital
(experimental: 16.6+1.4 vs. control: 53.7+1.1,
p<0.001), sensorimotor (14.6+1.7 vs. 28.4+1.2,
p<0.01), limbic cortex (13.1+1.5 vs. 25.6+1.7,
p<0.01), hypothalamus (5.3+0.6 vs. 27.7+1.4,
p<0.001) and cerebellum (6.0+0.9 vs. 20.4+1.8,
p<0.01) were noted (Fig. 1).
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Figure 1. Changes of the pyrophosphatase specific
activities in the mitochondrial fractions of the brain
structures of the 17-day-old rat pups.
**p<0.01, *** - p<0.001.

In the rat pups of the same age in the cytosol
fractions the pronounced downregulation of the
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specific activities of pyrophosphotase was revea-
led only in the orbital cortex (17.2+1.5 vs.
28.4+1.0, p<0.01) and hypothalamus (6.3+0.7 vs.
15.8+0.9, p<0.01), though in the other studied
brain structures the differences in the enzyme ac-
tivities were non-significant.

In the 30-day-old rat pups, born from the fe-
male rats, subjected during gestation period to
10% hypoxia, noticeable down-regulation of the
specific activities of pyrophosphotase in the
mitochondrial fractions of the sensorimotor cortex
(5.3£0.7 vs. 39.9+1.1, p<0.001), limbic cortex
(23.2+2.1 vs. 38.8+1.2, p<0.01), hypothalamus
(1.9+0.2 vs. 29.3+0.9, p<0.001) and cerebellum
(6.3+0.6 vs. 31.2+0.8, p<0.001) was found, while
in the orbital cortex the differences were non-
significant (Fig. 2).
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Figure 2. Changes of the pyrophosphatase specific
activities in the mitochondrial fractions of the brain
structures of the 30-day-old rat pups.

* p<0.05, *** - p<0.001.

In the rat pups of this age group in the
cytosol fractions the pronounced downergulation
of the specific activities of pyrophosphotase was
observed in the orbital (17.1£2.1 vs. 65.6x1.3,
p<0.001), limbic cortex (4.3£0.3 vs. 9.0+0.8,
p<0.01), hypothalamus (10.7+0.4 vs. 31.8+1.3,
p<0.001) and cerebellum (10.7£1.2 vs. 58.7+1.5,
p<0.001; Fig. 3).

Figure 3. Changes of the pyrophosphatase specific
activities in the cytosol fractions of the brain structures
of the 30-day-old rat pups.

**p<0.01, *** - p<0.001.

Analysis of the specific activities of succina-
te dehydrogenase of the brain structures of the
progeny of the female rats, subjected to 10%
hypoxia during gestation period, at the stage of
organogenesis, in comparison to pyrophosphatase
activities, revealed quite different character of
changes. In the 17-day-old rat pups significant up-
regulation of the specific activities of this enzyme
in the mitochondrial fractions of the all studied
brain structures was noted. In particular, in the or-
bital cortex of the rat pups its values were
38.744.3 vs. 17.1£1.1 (p<0.01), in the sensorimo-
tor cortex — 48.5+2.6 vs. 30.2+1.0 (p<0.01), in the
limbic cortex — 34.2+2.2 vs. 23.5+1.3 (p<0.05), in
the hypothalamus - 23.740.7 vs. 2.7+0.1
(p<0.001) and cerebellum — 28.7+4.2 vs. 4.2+0.36
(p<0.01; Fig. 4).

At the same time, in the cytosol fractions, in
opposite to the mitochondrial fractions, some
downregulation of the enzyme activities was re-
vealed; in the orbital cortex — 28.0+2.3 vs.
42.3%1.8 (p<0.01), in the limbic cortex — 20.7+2.3
vs. 29.5+0.5 (p<0.05) and in the cerebellum —
12.2+1.5 vs. 17.9+1.2 (p<0.05; Fig. 5).
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Figure 4. Changes of the specific activities of
succinate dehydrogenase in the mitochondrial fractions
of the brain structures of the 17-day-old rat pups.

*- p<0.05, ** - p<0.01, *** - p<0.001.
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Figure 5. Changes of the specific activities of
succinate dehydrogenase in the cytosol fractions of the
brain structures of the 17-day-old rat pups.
*-p<0.05, ** - p<0.01.

In the 30-day-old rat pups, born from the fe-
male rats, subjected to 10% hypoxia during gesta-
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tion period, only in the mitochondrial fraction of
the sensorimotor cortex some upregulation of suc-
cinate dehydrogenase (24.3+1.2 vs. 14.4+1.3,
p<0.01) was observed, whereas in other studied
brain structures (orbital and limbic cortex, hypot-
halamus and cerebellum) no significant changes
of the enzyme activity were found. Conversely, in
the cytosol fractions of the all studied brain struc-
tures of the rat pups of this age group significant
upregulation of the enzyme’s activities was revea-
led: in the orbital cortex — 33.5+3.3 vs. 7.9£1.1
(p<0.01), in the sensorimotor cortex — 50.5+4.3
vs. 31.3£2.1 (p<0.05), in the limbic cortex —
23.7+£3.2 vs. 7.3£1.1 (p<0.01), in the hypothala-
mus — 48.2+4.3 vs. 6.6=1.0 (p<0.001) and in the
cerebellum - 29+2.7 vs. 9.3+1.0 (p<0.01; Fig. 6).
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Figure 6. Changes of the specific activities of
succinate dehydrogenase in the cytosol fractions of the
brain structures of the 30-day-old rat pups.

*- p<0.05, ** - p<0.01, *** - p<0.001.

Hence, the results of the studies indicate to
induction of significant opposite directional chan-
ges of the activities of pyrophosphatase and succi-
nate dehydrogenase in the brain structures of the
first progeny of the female rats, undergone 10%
hypoxia at the organogenesis stage of their gesta-
tion period. In this case, in the 17-day-old rat pups
downregulation of pyrophosphatase activity was
observed in the mitochondrial fractions of the or-
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bital, sensorimotor and limbic cortex, hypothala-
mus and cerebellum, while in the cytosol fraction
such downregulation was noted only in the orbital
cortex. Along with it, in the 30-day-old rat pups
downregulation of pyrophosphatase activities we-
re observed both in the mitochondrial (in excepti-
on for the orbital and limbic cortex), and cytosol
fractions of the all analyzed brain structures. In
opposite to these data, in the 17-day-old rat pups
prominent upregulation of the succinate dehydro-
genase activities in the mitochondrial fraction of
the all brain structures was noted with simultaneo-
us their downregulation in the cytosol fractions of
the orbital, limbic cortex and cerebellum. While
looking at the activities of this enzyme in the bra-
in structures of the 30-day-old rat pups, its signifi-
cant upregulation was revealed mostly in the cyto-
sol fractions of the all studied structures, though
no changes of its activities were observed in the
mitochondria fractions (except for the sensorimo-
tor cortex).

DISCUSSION

The results of the studies indicate to existen-
ce of the phenomenon of transgenerational trans-
mission (to the next generation) of the changes of
the activities of pyrophosphatase and succinate
dehydrogenase, induced originally by 10% hypo-
xia in the fetus of the rats at the stage of organo-
genesis. It should be emphasized that the results
of the earlier studies showed that on the 17-day-
old and 30-day-old rat pups, born after such pre-
natal exposure to hypoxia, the directions of the
changes of the activities of these enzymes in the
studied brain structures were similar to the cha-
racters of the changes of their activities in the bra-
in structures of the rat pups of the same ages in
our studies (next generation). In other words, on
the 17-day-old and 30-day-old rat pups, born after
the prenatal exposure to 10% hypoxia at the stage
of organogenesis, downregulation of the activity
of pyrophosphatase and upregulation of the acti-
vity of succinate dehydrogenase in the mitochond-
rial and cytosol fractions of the studied brain
structures were observed.

These similarities of the characters of the
changes of the activities of the said enzymes, ap-
parently, indicate to transgenerational transmissi-

on of the genetic information of the changed ge-
nes activities. As changes of the sequences of
nucleotides within a molecule of DNA under the
impact of hypoxia (even at the stage of organoge-
nesis) are unlikely to be considered as the basis
for fixation of genetic information, the most pro-
bable mechanism of fixation of the observed
changes in the enzymes activities on genetic level
is the epigenetic changes of gene activities. The
term ‘epigenetic’ refers to chromatin modificati-
ons which alter gene expression without affecting
sequence of nucleotides within a molecule of
DNA. The factors that promote the epigenetic re-
gulation of transcriptional activity of the certain
genes include microRNA, DNA methylation and
posttranslational ~ modifications  (methylation,
phosphorylation, acetylation and ubiquinilation)
of histones of chromatin (Handy et al., 2011). Pre-
sently, there are mounting publications demonst-
rating successful transgenerational propagation of
the various kinds of pathological states mediated
through the epigenetic changes of genes’ activities
obtained on different experimental models (Boha-
cek, Mansuy, 2013; Steenwyk et al., 2018).

In analyzing the obtained results on transge-
nerational transmission of the changes of activiti-
es of pyrophosphatase and succinate dehydroge-
nase, a reasonable question is raised: how specific
the observed changes in the enzyme activities of
the brain structures to the effects of prenatal hypo-
Xia either these changes can be induced under the
effects of any adverse factors? The certain chan-
ges of the activities of studied enzymes in the bra-
in structures, especially upregulation of succinate
dehydrogenase in the mitochondrial fraction of
the brain structures of the 17-day-old rat pups and
its upregulation in the cytosol fraction of the brain
structures of the 30-day-old rat pups, could be
considered as adaptive changes related directly to
the effects of hypoxia to the fetus, due to impor-
tant role for succinate dehydrogenase in the citric
acid cycle and electron transport chain. It should
be emphasized that footprints of the observed
changes of the enzyme activities on the epigeno-
me become possible due to the effect of hypoxia
on the fetus on the period of organogenesis, for
the most genes, being highly active in this period
of embryogenesis, are extremely vulnerable to the
effects of adverse conditions. Nevertheless, the
valid conclusion on the specificity of hypoxia-in-
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duced changes of the enzyme activities could be
done only after studying the effects of other ad-
verse factors, exposed in the same schedule to the
fetus at the same stage of gestation, on the activi-
ties of these enzymes in the offspring.
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Prenatal hipoksiyaya maruz qalmis sicovul balalarinin bas beyin strukturlarinda
iki enzimin doyisilmis faalliginin transgenerativ otiiriilmasi

E.S. Abiyeva, A.A. Mehdiyev
AMEA-nn Akademik Abdulla Qarayev adina Fiziologiya Institutu

Mogqals si¢ovullarda pirofosfataza vo suksinatdehidrogenaza fermentlorinin foalliginin doyisilmosinin
transgenerativ Gtliriilmasine hasr olunub. Tacriibalar Vistar xattinden olan 6-ayliq disi sigovullar va onlar-
dan alinmis 17- vo 30-giinliik balalar {izorinds aparilmigdir. Orqanogenez dovriinds olan bogaz sigovullar
5 giin arzinds har giin 20-daqigalik hipoksiyaya moruz qalmigdirlar (90% N2 vo 10% O, gaz qarisigr).
Bu sigovullardan alinmis balalar dekapitasiya olunmus vo onlarin bas beynindon orbital, hissi-haroki,
limbik gabiq, hipotalamus va beyincik gotiiriilmiis vo bunlarin mitoxondrial vs sitozol fraksiyalar1 ayril-
migdir. Miiayyan olunmusdur ki, 17-giinliik sicovul balalarinin biitiin tadqiq olunan strukturlarin mito-
xondrial fraksiyasinda pirofosfataza fermentinin foalliginin miihiim azalmasi miisahido edilmisdir, buciir
doyisiklik sitozol fraksiyasinda yalniz orbital qabiqda miisahido edilmisdir. 30-giinliik sicovul balalarinin
bas beynin biitiin strukturlarin mitoxondrial (orbital vo limbik qabiq istisna olmagqla) va sitozol fraksiyasi-
yalarinda pirofosfataza fermentinin foalliginin azalmasi geyds alinmigdir. Bunun oksins olaraq, 17-giinliik
sicovul balalarinin biitlin todqiq olunan bag beynin strukturlarinin mitoxondrial fraksiyasinda suksinat de-
hidrogenazanin miihiim artimi miioyyon edilmisdir, eyni zamanda orbital, limbik gabiglarin vs beyinciyin
sitozol fraksiyasinda bu gostarici azalmisdir. 30-giinliik sicovullarda biitiin tadqiq olunan strukturlarin si-
tozol fraksiyasinda bu fermentin foalliginin miithiim artimi1 qeyd olunmusdur, bununla yanasi mitoxondrial
fraksiyasinda gozo carpan doyisiklik askarlanmamisdir (hissi-haroki qabiq istisna olmagqla). Belo naticoys
golmoak olar ki, har iki fermentin faalliginin doyisilmasinin transgenerativ otiiriilmasi, ¢ox giiman ki, mii-
vafiq genlorin foalliginin epigenetik doyisikliklori ilo alagadardir.

Acar sézlar: Pirofosfataza, suksinat dehidrogenaza, sicovul, bas beyin nahiyalari, transqenerativ otiirma
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TpaHcreHepallMOHHAsI NlepeAavya U3MEHEHHON AKTHBHOCTH JIBYX (DEPMEHTOB B CTPYKTypax
rOJIOBHOTO M0O3ra y MOTOMCTBA KPbIC, MOABEPTHYTHIX MPEHATAJIbHOI IMIOKCUH

9.111. AGueBa, A.A. MexTueB
Unemumym gpusuonoeuu umenu axademuxa A6oyanet I apaesa HAH Azepbatioocana

Cratpst 3aTparuBaeT IpoOjeMy TpaHCTCHEPALMOHHOM Iepefayd W3MEHEHHOM aKTUBHOCTH (PEPMEHTOB
nupodocdaraspl u CyKIIMHATA ACTHAPOreHas3bl Y KpbIC. OMBITH OBUTH BBITONHEHBI HA 6-MECSIHBIX KPHI-
cax-caMKax JHHUHU Bucrtap u ux motomctse B Bo3pacte 17 u 30 aueil. bepemeHHbIe KpPBICHI, 3apOIBIIIN
KOTOPBIX HaXOAWINCh Ha CTaJuM OPraHOTeHe3a, ObUIM MOABEPrHYTHl 20-MHUHYTHOM €XEJHEBHOM I'MIIOK-
cum (razoBas cmech 90% azora u 10% kucmopona) B TedeHue 5 cyT. Kpbicsita, pomuBIIHECS OT TaKAX
CaMOK, ObUTH JICKalTUTHPOBAHBI M M3 X Mo3ra OblIH 3a0paHbl (hparMeHTsl OpOUTANEHON, INMONYECKOH 1
CEHCOMOTOPHOM KOPBI, THIOTAJIaMyca U MO3K€UKa, U3 KOTOPBIX BBIACISUIA MUTOXOHAPUAIBHYIO H IIUTO-
3051bHYI0 (Qpakuun. beuto obHapyxkeHO, 4To y 17-IHEBHBIX KPBICAT HAOMIOJAIOCh 3aMETHOE CHIDKEHHUE
AKTUBHOCTH nupodocdaTasbl B MUTOXOHAPHATIBHON (paKLUK BCEX W3yUCHHBIX CTPYKTYp, TOIZa B IIUTO-
30JIbHOM (hpaKIMM aKTUBHOCTH mHpodocdaTassl CHUKAIACh TOJIBKO B OpOUTalbHOM Kope. B mwuro-
XOHJpHUAJIHHON (KpoMe OpOHWTambHOW W TUMOWYECKOH KOPBI) U IUTO30JIBHOM (PAKIHSIX BCEX CTPYKTYP
30-mHEBHBIX KpBIC TakXKe HAOIIOJANIOCh CHIDKEHHWE aKTHBHOCTH THpodopcdaTassl. B mporusoro-
JIOKHOCTh 3TOMY Y 17-THEBHBIX KPBICAT B MUTOXOHIPUANBHON (Ppakiiy BceX MCCIEAOBAHHBIX CTPYKTYP
OTMCYAJIOCH BBIPAXKCHHOC MOBBIIICHHUEC AKTUBHOCTHU CYKHIUHAT ACTHAPOIrCHa3bl C OAHOBPEMCHHBIM eé
CHIDKEHHEM B IUTO30JIBHON (ppakiuu opOWUTANBEHOMN, THMOMYECKON KOPHI W Mo3kedka. Y 30-THeBHBIX
KPBICAT 3HAYUTCIIBHOC IIOBBIMICHHUEC AKTHBHOCTU 3TOI'O (bepMeHTa 6I)IJ'IO BBISIBJICHO B HI/ITO3OHLHOI>'I
(pakuuu Bcex UCCIENOBAHHBIX CTPYKTYpP, B TO BpeMsl KaKk B MUTOXOHIpHANbHOW (pakiuu He ObLIO
BBISBJICHO KaKUX-THOO M3MEHEHHH (KpOME CEHCOMOTOPHOM KOpbl). JlemaeTcs 3akilo4eHHE O HaIWIUU
TPaHCTEHEPALIMOHHOM TMepefadn W3MEHEHHOW AaKTHBHOCTH IBYX ()EpPMEHTOB, OOYCIIOBIEHHOW, IIO-
BUANMOMY, SIIUTCHECTUYCCKUMHU UBMCHCHUAMU B aKTUBHOCTU COOTBECTCTBYIOIMX I'CHOB.

Knrwouesnvie cnosa: I[lupoghocpamasa, cykyunam oecudpozenasa, Kpbicobl, CMPYKMypbl 20106H020 M0324,
MPAaHceeHepayuorHas nepedaya
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