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Cardiovascular (CV) disease continues to be the main cause of
morbidity and mortality in worldwide. Hyperhomocysteinemia (HHCy)
is a novel metabolic risk factor of vascular damage. In addition to
that, there is evidence that HHCy management with folic acid and
vitamin B supplements prevents atherosclerosis and its sequelae.
Oxidative stress is one of the mechanisms behind the cardiotoxic
effects of high homocysteine levels. On the one hand, HHCy facilitates
endothelial dysfunction, probably as a result of impaired synthesis
and/or inactivation of nitrogen (ll) oxide (NO). On the other hand,
oxidation of homocysteine is accompanied by formation of reactive
oxygen species (ROS), which induce lipid peroxidation in cell
membranes and in low density lipoproteins, mitochondrial membrane,
secretion of cytochrome C and activation of caspase-3, culminating
in apoptosis. Thyroid hormones are known to have a profound effect
on CV functions. Hyperthyroidism causes heart rate, myocardial
contractility and ejection fraction to increase; this may result in
systolic hypertension, systolic heart murmurs, increased left
ventricular weight and development of angina and atrial fibrillation
with a risk for stroke.

The aim of our work was to investigate into the special aspects that
characterize implementation of programmed cell death in circulating
neutrophils of HHCy rats either without comorbidities or with hyper- or
hypothyroidism.

Material and methods. Prolonged hyperthyroidism and hypothyroidism
were modeled in experimental rats by dosing the animals with L-
thyroxine and thiamazole, respectively, for 21 days, and prolonged
with HHCy administered with excessive exogenous HCy, for 21 days.
Prolonged HHCy rats with hyper- or hypothyroidism were observed.
Results. We have found the count of circulating neutrophils with
increased ROS production and reduced transmembrane mitochondrial
potential to be significantly increased in rats with HHCy compared to
control animals, which suggests prooxidant properties of HCy and its
ability to cause mitochondrial dysfunction. The intensity of ROS
production by circulating neutrophils in hyperthyroid animals with HHCy
was not significantly different from that in hyperthyroid rats without
HHCy. In hypothyroid rats with HHCy, ROS production by circulating
neutrophils was significantly higher compared to the control group.
HCys increased ROS generation in kidney mitochondria while strongly
decreasing it in liver, heart and brain mitochondria showing that the
changes are tissue-specific. We have found the count of circulating
neutrophils with signs of apoptosis to be increased in rats with HHCy
compared to the control group.

Conclusions. Experimentally induced HHCy is accompanied by
hyperproduction of reactive oxygen species and by impaired integrity
of external mitochondrial membrane, which results in initiation of
apoptotic cell death. The deficiency of thyroid hormones enhances
initiation of programmed cell death.
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Realizacja programowanej Smierci komérek w krazacych
neutrofilach i jej szczegdélne cechy w eksperymentalnie wywofanej
hiperhomocysteinemii w warunkach dysfunkcji tarczycy
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Choroby sercowo-naczyniowe (CV) nadal sq gtéwna przyczyng zacho-
rowalnosci i umieralno$ci na catym Swiecie. Hiperhomocysteinemia
(HHCy) jest nowym metabolicznym czynnikiem ryzyka uszkodzenia
naczyn. Ponadito istniejg dowody na to, ze kontrolowanie HHCy poda-
waniem kwasu foliowego i suplementdw witaminy B zapobiega miazdzy-
cy i jej nastepstwom. Stres oksydacyjny jest jednym z mechanizméw
kardiotoksycznych skutkéw wysokiego stezenia homocysteiny. Z jed-
nej strony HHCy utatwia dysfunkcje srodbtonka, prawdopodobnie w
wyniku upo$ledzonej syntezy i/lub inaktywacji tlenku azotu (1) (NO). Z
drugiej strony utlenianiu homocysteiny towarzyszy tworzenie reaktyw-
nych form tlenu (RFT), ktére indukujg peroksydacje lipidow w bfonach
komdrkowych oraz w lipoproteinach o matej gesto$ci, w btonie mito-
chondrialnej, wydzielaniu cytochromu C i aktywacji kaspazy-3, ktorej
kulminacjq jest apoptoza. Wiadomo, ze hormony tarczycy majg gtebo-
ki wptyw na funkcje uktadu krazenia. Nadczynnosc¢ tarczycy powoduje
zwiekszenie czestosci czynnosci serca, kurczliwo$ci miesnia serco-
wego i frakcji wyrzutowej; moze to spowodowac nadcisnienie skurczo-
we, szmery skurczowe serca, zwiekszenie masy lewej komory oraz
rozwdj dfawicy piersiowej i migotania przedsionkow z ryzykiem udaru.
Celem naszej pracy byto zbadanie szczegolnych aspektéw charaktery-
zujgcych wdrazanie programowanej Smierci komorkowej krazgcych neu-
trofilow u szczuréw z HHCy bez choréb wspdtistniejgcych lub z nadczyn-
noscig lub niedoczynno$cia tarczycy.

Materiaf i metody. Dtugotrwatg nadczynno$c¢ tarczycy i niedoczyn-
nos¢ tarczycy modelowano na szczurach doswiadczalnych przez po-
dawanie zwierzetom odpowiednio L-tyroksyny i tiamazolu przez 21
dni oraz z przedtuzonym modelem HHCy wywotanym nadmiernym
podawaniem egzogennej HCy przez 21 dni. Obserwacjg objeto szczury
z przedtuzong HHCy z nadczynnoscig lub niedoczynnoscia tarczycy.
Wyniki. Stwierdzono, Ze liczba krazgcych neutrofilow ze zwiekszonym
wytwatrzaniem RFT i zmniejszonym transbtonowym potencjatem mitochon-
drialnym jest znaczgco zwiekszona u szczurow z HHCy w poréwnaniu ze
zwierzetami kontrolnymi, co sugeruje prooksydacyjne wtasciwosci HCy i
Jjego zdolnos¢ do wywotywania dysfunkcji mitochondriéw. Intensywno$c
wytwarzania RFT przez krgzace neutrofile u zwierzat z nadczynnoscig
tarczycy z HHCy nie réznita sie istotnie od tego u szczurdéw z nadczynno-
Scig tarczycy bez HHCy. U szczuréw z niedoczynnoscig tarczycy z HHCy
produkcja RFT przez krazgce neutrofile byta znacznie wyzsza w poréwna-
niu z grupg kontrolng. HCys zwiekszyto wytwarzanie RFT w mitochon-
driach nerek, jednoczesnie silnie zmniejszajac je w mitochondriach watro-
by, serca i mozgu, co wskazuje, Zze zmiany sq specyficzne dla tkanki.
Stwierdzono, ze liczba krazacych neutrofilow z objawami apoptozy jest
zwigkszona u szczuréw z HHCy w poréwnaniu z grupg kontrolng.
Whioski. Eksperymentalnie indukowanemu HHCy towarzyszy nadpro-
dukcja reaktywnych form tlenu oraz uposledzenie integralno$ci zewnetrz-
nej bfony mitochondrialnej, co powoduje rozpoczecie apoptozy. Niedo-
boér hormonow tarczycy nasila inicjacje programowanej $mierci komorki.

Stowa kluczowe: nadczynno$c tarczycy, niedoczynnosc tarczycy,
reaktywne formy tlenu, hiperhomocysteinemia
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Cardiovascular (CV) disease continues to be the main cause
of morbidity and mortality in population worldwide [20,27,30].
Up to 15-20% of patients with cardiovascular disease lack tra-
ditional risk factors, such as dyslipidemia, tobacco smoking,
hypertension and diabetes [21]. This makes primary prevention
impossible and calls for identifying new predictors of cardiova-
scular disease. Hyperhomocysteinemia (HHCy) (i. e. serum
homocysteine levels >15 pymol/L) is a novel metabolic risk fac-
tor of vascular damage [9,38,45]. When compared to subjects
with homocysteine levels at or below 10.5 pmol/L, patients with
serum homocysteine levels >15.3 pymol/L were found to have
1.7 times higher overall cardiovascular mortality, with a 3.4-
fold greater risk for fatal myocardial infarction and a 4.3-fold
greater risk for fatal stroke [35]. In addition to that, there is evi-
dence that HHCy management with folic acid and vitamin B
supplements prevents atherosclerosis and its sequelae [16,44].

Oxidative stress is one of the mechanisms behind the car-
diotoxic effects of high homocysteine levels [29]. On the one
hand, HHCy facilitates endothelial dysfunction, probably as a
result of impaired synthesis and/or inactivation of nitrogen (1)
oxide (NO). On the other hand, oxidation of homocysteine is
accompanied by formation of reactive oxygen species (ROS),
which induce lipid peroxidation in cell membranes and in low
density lipoproteins. ROS in turn inactivate NO and trigger the
cascade of proinflammatory cytokine-based responses [19].
In addition to that, the excess of ROS causes depolarization of
mitochondrial membrane, secretion of cytochrome C and acti-
vation of caspase-3, culminating in apoptosis [5].

Thyroid hormones are known to have a profound effect on CV
functions [43]. Hyperthyroidism causes heart rate, myocardial
contractility and ejection fraction to increase; this may result in
systolic hypertension, systolic heart murmurs, increased left
ventricular weight and development of angina and atrial fibrilla-
tion with a risk for stroke [4]. Patients with subclinical hyper-
thyroidism may also be at a higher risk for atrial fibrillation [13].
On the other hand, a deficiency in thyroid hormones leads to
reductions in heart rate and myocardial contractility and to re-
laxation of the myocardium [43]. At the same time, thyroid hor-
mones affect the metabolism of homocysteine [1,46].

Therefore, the aim of our work was to investigate into the
special aspects that characterize implementation of programmed
cell death in circulating neutrophils of hyperhomocysteinemic
rats either without comorbidities or with hyper- or hypothyroidism.

MATERIALS AND METHODS

The study has used 48 mongrel male rats weighing 150-180 g.
All animals were divided into 6 groups. In group 1 (control group),
the animals were administered 1% solution of starch gel intra-
gastrically (n=8). Group 2 included rats with hyperhomocyste-
inemia (HHCy) administered with excessive exogenous homo-
cysteine (HCy) as homocysteine thiolactone (100 mg/kg of body
weight, intragastrically in 1% solution of starch gel once a day
for 28 days) (n=8) [40]. Group 3 included animals with hyper-
thyroidism receiving daily intragastric doses of L-thyroxine
200 pg/kg in 1% solution of starch gel for 21 days (n=8). Group 4
included rats with HHCy receiving daily intragastric doses of
L-thyroxine 200 pg/kg in 1% solution of starch gel for 21 days
(n=8). Group 5 included animals with hypothyroidism receiving
daily intragastric doses of thiamazole 10 mg/kg of body weight
in 1% solution of starch gel for 21 days (n=8). Group 6 included
rats with HHCy receiving daily intragastric doses of thiamazole
10 mg/kg of body weight in 1% solution of starch gel for
21 days (n=8).

All manipulations with experimental animals were perfor-
med according to provisions of the European Convention for
the Protection of Vertebrate Animals used for Experimental and
other Scientific Purposes [12].

The experiments have used a population of circulating neu-
trophils obtained by centrifugation with a dual Ficoll-Verografin
velocity sedimentation gradient of 1.077 and 1.093 [31].
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Analysis of cell samples to determine all test parameters
was performed using an Epics XL flow cytometer (by Beckman
Coulter, USA). ROS production was assessed using a blocked
fluorescence dye, i.e. dichlorodihydrofluorescein diacetate
(DCF-DA) (by Sigma Aldrich, USA) [7]. The values of the test
parameter were expressed as a percentage (the ratio of neu-
trophils with elevated intracellular ROS to the total cell count).

Transmembrane mitochondrial potential (A¥Ym) was asses-
sed using a MitoScreen assay kit (by BD Pharmigen, USA) [8],
with 5,5’,6,6'-tetrachloro-1,1’,3,3’ tetraethylbenzimidazolyl
carbocyanine iodide (JC-1), a fluorochrome, as a key reagent.
The results were given as percentages (the ratio of neutro-
phils with reduced transmembrane mitochondrial potential to
the total cell count).

Evaluation of apoptosis/necrosis in population of circulating
neutrophils was performed using FITC-labeled annexin V from
the “ANNEXIN V FITC” assay kit (by Beckman Coulter, USA)
[22]. Discriminant analysis by the type of cell death included
the following: Quadrant 1: annexin V-negative and Pl-positive
cells: necrosis; Quadrant 2: PI- and annexin V-FITC-positive
neutrophils: late-stage apoptosis or necrosis; Quadrant 3: PI- and
annexin V-FITC-negative neutrophils: viable cells; and Quadrant 4:
V-FITC-positive and Pl-negative neutrophils: early stage of
apoptosis.

Study findings were given as percentage (ratio of annexin-
positive cells to total neutrophil count or ratio of propidium iodide-
positive cells to total neutrophil count).

Statistical processing of digital data was performed by
means of such software as Excel (by Microsoft, USA) and
STATISTICA 7.0 (by Statsoft, USA) using parametric methods of
data assessment. The values of arithmetic mean (M), dispersion
of arithmetic mean and error of the mean (m) were calculated.
The probability of difference in values between independent
quantitative variables was determined using Student’s t-test
(the differences were considered significant at d<0.05). The
relationships between the test parameters were assessed based
on correlation analysis using Pearson’s correlation coefficient.
The authors calculated linear correlation coefficient (r) and its
probability (p), which were properly reflected in the tables (cor-
relation matrices). The correlation coefficient was considered
significant at p<0.05.

RESULTS

The results of our research study demonstrated a 2.2-fold in-
crease in production of ROS by circulating neutrophils of rats
with HHCy (p<0.001) relative to the control group (tab. 1). In
hyperthyroid rats with HHCy, this parameter was 74.8% higher
than in the control group (p<0.001); however, when compared to
the group of HHCy animals without comorbidities, it was 19.1%
lower (p<0.01). It is worth noting that the intensity of ROS pro-
duction by circulating neutrophils in hyperthyroid animals with
HHCy was not significantly different from that in hyperthyroid
rats without HHCy.

In hypothyroid rats with HHCy, ROS production by circulating
neutrophils was significantly (2.7 times) higher compared to
the control group, which was a 25.2% (p<0.01) positive diffe-
rence from HHCy animals without comorbidities and a 54.7%
positive difference (p<0.001) from hyperthyroid animals with
HHCy. In the meantime, production of ROS by circulating neu-
trophils in animals with a model of HHCy-free hypothyroidism
was 26.8% higher than that in the control group (p<0.05).

A similar trend was observed regarding changes in the count
of circulating neutrophils with reduced transmembrane mito-
chondrial potential (A¥m). The transmembrane potential may
characterize both mitochondrial function and the condition of the
cell as a whole, since, in addition to their apparent energetic
function (previously regarded as the main mitochondrial func-
tion), these organelles not only receive and process proapop-
totic signals, but also produce such signals on their own [25].
In rats with HHCy, the count of circulating neutrophils with A¥m
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Table 1. The results for production of reactive oxygen species, transmembrane mitochondrial potential and apoptosis/necrosis of circulating

neutrophils in hyperhomocysteinemic rats either without comorbidities or in a setting of hyper- or hypothyroidism (M+m, n=8).

Tabela 1. Wyniki dotyczace produkcji reaktywnych form tlenu, transbtonowego potencjatu mitochondrialnego i apoptozy/martwicy krazacych
neutrofili u szczuréw z hiperhomocysteinemig bez choréb wspotistniejgcych lub w sytuacji nadczynnosci lub niedoczynnosci tarczycy (M £ m, n = 8).

Parameter Group of animals
Intact HHCy Hyperthyroidism HHCy + Hypothyroidism HHCy +
Hyperthyroidism Hypothyroidism
Suspension of circulating neutrophils

Count of cells with elevated 18.40+1.40 39.76+2.05 31.75+1.02 32.16+0.87 23.34+1.11 49.76+1.57
ROS production, % p,<0.001 p,<0.001 p,<0.001 p,<0.05 p,<0.001
p,<0.01 p,<0.01
p,<0.001

Count of cells with reduced 1.38+0.10 2.73+0.14 2.404+0.12 2.50+0.14 2.0+0.08 3.20+0.13
A¥Ym, % p,<0.001 p,<0.001 p,<0.001 p,<0.002 p,<0.001
p,>0.05 p,<0.05
p,<0.01

Count of ANV* cells, % 2.08+0.16 3.11£0.18 2.80+0.12 3.00+0.10 2.54+0.09 3.95+0.15
p,<0.01 p,<0.01 p,<0.01 p,<0.05 p,<0.001
p,>0.05 p,<0.01
p,<0.001

Count of PI* cells, % 1.45+0.10 1.83+0.08 1.74+0.07 1.90+0.07 1.60+0.11 2.38+0.09
p,<0.02 p,<0.05 p,<0.01 p,>0.05 p,<0.001

p,>0.05 p,<0.002
p,<0.01

Note: 1. p, — the probability of differences between the control group and the test groups; 2. p, — the probability of differences between the hyperhomo-
cysteinemic group and the group with hyperhomocysteinemia in a setting of hyperthyroidism; 3. p, — the probability of differences between the
hyperhomocysteinemic group and the group with hyperhomocysteinemia in a setting of hypothyroidism; 4. p, — the probability of differences between
the group with hyperhomocysteinemia in a setting of hyperthyroidism and the group with hyperhomocysteinemia in a setting of hypothyroidism.

was found to be increased 2.0 times (p<0.001) compared to
the control group. In hyperthyroid rats with HHCy, this parame-
ter was increased 81.2% compared to the control group
(p<0.001); that said, there were no significant differences from
HHCy animals without comorbidities. In hypothyroid rats with
HHCy, the count of circulating neutrophils with reduced A¥m
was significantly (2.3 times) increased compared to the con-
trol group, exceeding the corresponding values by 17.2%
(p<0.05) relative to HHCy animals without comorbidities and
by 28.0% (p<0.01) relative to hyperthyroid animals with HHCy.
In the meantime, in animals with a model of HHCy-free hypo-
thyroidism the count of circulating neutrophils with reduced
A¥Ymwas 44.9% higher than that in the control group (p<0.001).

In sum, the data obtained in the study suggest hyperpro-
duction of ROS and impaired integrity of external mitochon-
drial membrane resulting in release of cytochrome C and other
proapoptotic proteins from the intermembrane space to the
cytosol and the launch of apoptotic cell death. In rats with HHCy,
the count of circulating neutrophils with signs of apoptosis was
increased by 49.5% (p<0.01) compared to the control group.
In hyperthyroid rats with HHCy, this parameter was increased
44.2% compared to the control group (p<0.01); at the same
time, there were no significant differences from HHCy animals
without comorbidities. In hypothyroid rats with HHCy, the count
of ANV* circulating neutrophils was significantly increased com-
pared to the control group (by 89.9%); this exceeded the cor-
responding values by 27.0% (p<0.01) compared to the HHCy
animals without comorbidities and by 31.7% (p<0.001) com-
pared to the hyperthyroid animals with HHCy. In the meantime,
the count of circulating neutrophils with signs of apoptosis in
animals with a model of HHCy-free hypothyroidism was 22.1%
higher than that in the control group (p<0.05).

As we assessed the counts of PI* circulating neutrophils
(which reflect the intensity of necrotic processes in HHCy rats),
we found them to be significantly higher (by 26.2%) compared
to the control group. In hyperthyroid rats with HHCy, this para-
meter was increased 31.0% compared to the control group
(p<0.01); that said, there were no significant differences from
HHCy animals without comorbidities. In hypothyroid rats with
HHCy, the count of PI* circulating neutrophils was significantly
increased compared to the control group (by 64.1%), exce-
eding the corresponding values by 30.1% (p<0.002) compa-
red to HHCy animals without comorbidities and by 25.3%
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(p<0.01) compared to hyperthyroid animals with HHCy. That
said, the count of circulating neutrophils with signs of necrosis
in animals with a model of HHCy-free hypothyroidism was not
significantly different from that in controls.

Correlation analysis was performed for the count of circu-
lating neutrophils with increased ROS production and the co-
unt of ANV* cells. The analysis detected a direct strong corre-
lation in animals with HHCy and in hyperthyroid animals with
HHCy (tab. 2); a very strong direct correlation was found in

Table 2. The correlations between circulating neutrophils with increased
ROS production, reduced transmembrane mitochondrial potential and
signs of apoptosis in hyperhomocysteinemic animals with thyroid
dysfunction

Tabela 2. Korelacje miedzy krazacymi neutrofilami ze zwigkszong
produkcjg RFT, zmniejszonym potencjatem mitochondrialnym przezbto-
nowym i objawami apoptozy u zwierzat z hiperhomocysteinemia

i dysfunkcja tarczycy

Parameter Count of cells with increased ROS production, %
Count of ANV HHCy HHCy + HHCy +
cells, % Hyperthyroidism Hypothyroidism
0.74* 0.84* 0.98*
Count of cells with reduced A¥Ym, %
HHCy HHCy + HHCy +
Hyperthyroidism Hypothyroidism
0.78* 0.82* 0.81*
Note: * = a significant difference in correlation coefficients, p<0.05

hypothyroid rats with HHCy. That being said, a strong direct
correlation was demonstrated between the count of circula-
ting neutrophils with reduced A¥m and the count of ANV* cells
in animals of all test groups.

An analysis of correlation between the count of circulating
neutrophils with increased ROS production and the count of
PI* cells has shown a very strong direct correlation in a setting
of experimentally induced HHCy and a strong direct correla-
tion in HHCy animals with thyroid dysfunction (tab. 3). Animals
with HHCy and hypothyroid animals with HHCy were found to
have a strong direct correlation between the count of circula-
ting neutrophils with reduced A¥Ym and the count of PI* cells.
In the meantime, no significant correlations were found in hy-
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perthyroid rats. When analyzing the relationships between the
count of ANV* circulating neutrophils and the count of PI* cells,
strong direct correlations were found in animals of all test groups.

Table 3. The correlations between circulating neutrophils with increased
ROS production, reduced transmembrane mitochondrial potential and
signs of apoptosis and necrosis in hyperhomocysteinemic animals with
thyroid dysfunction

Tabela 3. Korelacje migdzy krgzacymi granulocytami obojetnochtonnymi
a zwiekszong produkcjg RFT, zmniejszonym potencjatem mitochon-
drialnym przezbtonowym oraz objawami apoptozy i martwicy u zwierzat
z hiperhomocysteinemig i dysfunkcjq tarczycy

Parameter Count of cells with increased ROS production, %
Count of PI* HHCy HHCy + HHCy +
cells, % Hyperthyroidism Hypothyroidism
0.96* 0.79* 0.85*
Count of cells with reduced A¥Ym, %
HHCy HHCy + HHCy +
Hyperthyroidism Hypothyroidism
0.80* 0.62 0.81*
Count of ANV* cells, %
HHCy HHCy + HHCy +
Hyperthyroidism Hypothyroidism
0.80* 0.72* 0.87*

Note: * = a significant difference in correlation coefficients, p<0.05

DISCUSSION

We have found the count of circulating neutrophils with in-
creased ROS production and reduced transmembrane mito-
chondrial potential to be significantly increased in rats with
HHCy compared to control animals, which suggests prooxi-
dant properties of homocysteine and its ability to cause mito-
chondrial dysfunction. According to Medvedev D.V. et al. [28],
the mechanisms behind the toxicity of homocysteine can be
divided into primary and secondary mechanisms. The primary
mechanisms are likely attributable to the following three types
of reactions: 1) reduction of oxygen to the superoxide anion
radical in the presence of ions of variable valence metals; 2)
NO binding due to nitrosylation of homocysteine; and 3) homo-
cysteinylation, i. e. covalent bonding of homocysteine to sul-
fhydryl groups of cysteine residues or homocysteine thiolac-
tone to amino groups of lysine residues in protein chains. The
secondary mechanisms may include decreasing the effect of
NO, increased activity of matrix metalloproteinases and oxida-
tive stress.

As reported by Signorello M.G. et al., homocysteine (HCys)
promotes oxidant injury through auto-oxidation, formation of
homocysteine mixed disulfides, interaction of homocysteine
thiolactones and protein homocysteinylation [39]. There are data
that direct incubation in the presence of HCys increases mean
ROS levels in endothelial [48] or arterial smooth muscle cells
[18]. Gomez J. et al. indicate that HCys has capacity for di-
rectly modulating the rate of mitochondrial ROS production.
However, HCys only increased ROS generation in kidney mi-
tochondria while strongly decreasing it in liver, heart and brain
mitochondria showing that the changes are tissue-specific [14].
There is evidence that homocysteine may have effects on the
activity of mitochondrial oxidoreductases such as succinate
dehydrogenase, thereby altering ROS production by the respi-
ratory chain [39]. However, other studies suggest that HCys-
induced increases in ROS levels in endothelial cells are due to
induction of NADPH oxidase or decreased thioredoxin expres-
sion [41] and therefore are not necessarily due to modifica-
tions in mitochondrial ROS production. Alvarez-Maqueda M.
et al. also estimate that Hcy promotes the formation of ROS
primarily by a biochemical mechanism involving endothelial
nitric oxide synthase (eNOS) and NADPH oxidase (Nox) acti-
vation [3].
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Excessive generation of ROS may result in cytotoxic oxi-
dative stress, acting as an upstream factor for mitochondrial
membrane depolarization, induces mitochondria to release
cytochrome C and caspases, resulting in eventual cellular
apoptosis [24,26]. We have found the count of circulating neu-
trophils with signs of apoptosis to be increased by 49.5% in
rats with HHCy compared to the control group. Our results are
consistent with those reported by other authors, who have de-
monstrated induction of programmed death in different cell ty-
pes in a setting of hyperhomocysteinemia. Thus, Bao X.M. et
al. showed homocysteine-induced apoptosis in endothelial pro-
genitor cells, which may be related to its prooxidative effects
as well as an upregulation of p38MAPK protein expression and
caspase-3 activity [5]. Alam M.M. et al. also demonstrated that
Hcy-mediated endothelial cells apoptosis is associated with
caspase-8, cytochrome-c release, and caspase-3 activation
[2]. It has been reported that Hcy induces mitochondrial apop-
tosis in SH-SY5Y cells [17] and in primary cultures of cyto-
and syncytiotrophoblastic cells [32].

When assessing the impact of thyroid status on ROS pro-
duction, mitochondrial dysfunction and apoptosis of circula-
ting neutrophils, we have found thyroid hormone deficiency to
enhance ROS production and initiation of programmed cell
death, as supported by a significant numerical predominance
of circulating neutrophils with signs of apoptosis in hypothyro-
id rats as compared to hyperhomocysteinemic animals witho-
ut comorbidities and compared to hyperhomocysteinemic ani-
mals with hyperthyroidism. It appears likely that thyroid
hypofunction, on the one hand, enhances oxidative stress due
to increased ROS production and low availability of antioxidants,
and, on the other hand, increases the levels of homocysteine,
the latter possessing pronounced prooxidant properties.

The data concerning association of oxidative stress with
hypothyroidism are ambiguous, due to development of a hypo-
metabolic state in cases of thyroid hormone deficiency
[23,36,37]. In a group of patients with primary hypothyroidism,
Baskol et al. [6] found high plasma levels of malondialdehyde
(MDA) and NO, and SOD levels, which were not significantly
different from those of controls. Elevated MDA levels were also
demonstrated in subclinical hypothyroidism [41]. Erdamar H.
et al. [11] performed an assessment of prooxidant/antioxidant
system in 20 patients with hypothyroidism secondary to auto-
immune thyroiditis and found an increase in the levels of MDA,
nitrite and an increased activity of myeloperoxidase. The au-
thors also concluded on the development of oxidative stress in
patients with hypothyroidism, which was moreover more pro-
nounced than that in the group of patients with hyperthyroidism.
At the same time, another study conducted on patients affec-
ted by subclinical hypothyroidism secondary to Hashimoto’s
thyroiditis did not show any difference in endogenous MDA le-
vels between hypothyroid patients and controls [34].

Excess TSH is also known to directly produce oxidative
stress [10].

Increases in plasma homocysteine levels have been repor-
ted in overt hypothyroidism and, in some studies, with subcli-
nical hypothyroidism [15, 47]. The possible mechanism respon-
sible for increased HCys level in hypothyroidism also remains
a matter of recent debate. Firstly, the observed hyperhomocy-
steinemia may reflect impaired renal HCys clearance. Hypo-
thyroidism probably reduces glomerular filtration rate leading
to increased HCys levels. Secondly, impaired liver metabolism
of HCys linked with hypothyroidism may contribute to hyperho-
mocysteinemia. Decreased activity of both enzymes, methio-
nine synthase and methylenetetrahydrofolate reductase were
established in thyroidectomized rats and may also explain the
elevated level of HCys in hypothyroidism [33].

CONCLUSIONS

Experimentally induced hyperhomocysteinemia is accompa-
nied by hyperproduction of reactive oxygen species and by
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impaired integrity of external mitochondrial membrane, which
results in initiation of apoptotic cell death. The correlation ana-
lysis performed in this study suggests a significant relation-
ship between parameters of apoptosis, transmembrane mito-
chondrial potential and production of reactive oxygen species.
This indicates a mitochondrial pathway for initiation of apopto-
sis in both isolated hyperhomocysteinemia and hyperhomocy-
steinemia combined with thyroid dysfunction. The deficiency
of thyroid hormones enhances initiation of programmed cell
death, as supported by a significant numerical predominance
of circulating neutrophils with signs of apoptosis in hypothyro-
id rats, a 27.0% (p<0.01) positive difference from hyperhomo-
cysteinemic animals without comorbidities and a 31.7%
(p<0.001) positive difference from hyperhomocysteinemic ani-
mals with hyperthyroidism.
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