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The review dwells on results obtained via examinations that focused on effects produced by vanadium and its com-

pounds contaminating the environment on health disorders related to cell death deregulation. 
Research works that have been performed over the last decades and focused on revealing the essence of apoptosis 

mechanism under exposure to technogenic chemicals are truly vital due to this phenomenon having great biological signifi-
cance within a system of a body trying to adapt to influences exerted by environmental factors. 

The present work focuses on apoptosis peculiarities under exposure to excess technogenic concentrations of vanadium 
compounds. Published research works have been analyzed, analysis results are outlined, and a scientific hypothesis has been 
formulated within the subject matter. We have described an immune-modulating effect produced by vanadium compounds 
that is able to modify apoptosis events due to changes in cell death modes (apoptosis activation/inhibition) and it provides 
body adaptation to changing environmental conditions. 

A range in vanadium concentrations between essential and toxic ones predetermines multi-directional changes in 
apoptosis induction and completion. Thus, induced apoptosis activation makes for development of autoimmune and immune-
proliferative processes; at the same time, cell death inhibition can result in immune deficiency, inflammatory reactions, and 
neurodegenerative diseases. It was shown that vanadium compounds produced modifying effects on mitochondrial functions 
regulation, changes in phosphorilation/dephosphorilation ratio in protein products, and imbalance in free radical processes; 
all this ultimately disrupts a balance between pro- and anti-apoptotic signals in a cell. Monitoring over apoptosis parame-
ters that characterize cell death under exposure to vanadium and its compounds will allow timely detecting risks of pre-
nosology state occurrence and prevent damage to health. 

Key words: risk, vanadium, environment, cell death, apoptosis mechanism, mitochondrial activity modification, free 
radical oxidation, damage to health. 
 

 
 A risk that damage to health will occur 

under exposure to technogenic chemicals in 
the environment is realized with the immune 
system directly participating in the processes 
at early stages in a disease. The immune sys-
tem is a most significant regulatory one that 

provides adequate adaptation of a body to im-
pacts exerted by environmental factors in-
cluding various chemicals. Cell death plays a 
key role in immune regulation. Cell death is a 
process that involves irreversible changes in 
vital cellular functions (primarily, adenosine 
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triphosphate synthesis and redox homeostasis 
preservation); it results in cell integrity loss 
(disorders in plasmatic membrane permeabil-
ity or cell fragmentation) [1]. Cell death can 
be regulated and genetically programmed 
(regulated cell death, RCD) or accidental (ac-
cidental cell death, ACD). Regulated cell 
death occurs due to activation of one or sev-
eral signal cascades and is modulated (regu-
lated) via pharmacological or genetic inter-
ferences. RCD includes apoptosis, autophagy, 
anoikis, pyroptosis, partanosis, and necrop-
tosis [2]. 

Apoptosis is an evolutionary conserva-
tive process which is necessary for maintain-
ing cellular homeostasis in a body. Apop-
tosis regulates balance between proliferation, 
differentiation, and elimination of cells that 
are no longer necessary. Accidental cell 
death (ACD) is instant and uncontrollable 
cell death when plasmatic membrane is de-
stroyed completely due to extreme physical, 
chemical, or mechanic factors. Necrosis is 
traditionally seen as an accidental and non-
regulated cell event. 

Chemicals with different essence cause 
persistent hazards for human health in con-
temporary social, economic, and ecological 
conditions. Vanadium is among most signifi-
cant environmental contaminants; being a 
hapten, it exerts adverse impacts on the car-
diovascular, respiratory, and reproductive 
systems and produces neurotoxic and im-
mune-toxic effects [3]. But at the same time, 
the latest achievements in medicine such as 
creation of vanadium-containing orthodontic / 
orthopedic implants and development of 
anti-parasitic, antiviral, anti-bacterial, anti-
thrombotic, anti-hypertensive, hypolipi-
demic, spermicidal, anti-tuberculosis, anti-
tumor, and anti-diabetic medications make it 
necessary to resolve disputable issues related 
to influence exerted by vanadium on the im-
mune system [4–9]. Adverse consequences 
caused by effects produced by chemical en-
vironmental factors on human health can 
become apparent not only via immune-
dependent diseases occurrence but also fail-

ure in body adaptation mechanisms. Disor-
ders in regulated cell death are a reason for 
deadaptation that occurs under exposure to 
chemicals. It has been established that dif-
ferent metals and organic compounds can 
modify cell death mechanisms [10–12]. But 
at the same time as we generalized and ana-
lyzed literature data, we revealed certain 
contradictions regarding influence exerted 
by different chemical factors on cell death. 

Despite there are multiple published 
works that focus on how lethal programs in 
cells are realized, there is no scientifically 
substantiated concept about modifying effects 
produced by vanadium on apoptosis. The pre-
sent work concentrates on peculiarities of 
apoptosis under exposure to vanadium. 

Vanadium (hapten) is a biologically sig-
nificant element that participates in many 
physiological processes [13–16]. Vanadium is 
n ultra-microelement and it occurs in trace 
quantities in all organs and tissues in a human 
body [9, 17]. Overall, according to generalized 
data, vanadium contents in a body amount to 
lower than 10 ng/g of body weight [7]. Vana-
dium is detected in the heart, kidneys, liver, 
brain, muscles, bones, fat tissue, testicles, thy-
roid gland, colostrums, breast milk, and hair 
[3, 7, 9, 18, 19]. 

Vanadium enters a body from the envi-
ronment predominantly via the gastrointesti-
nal tract or bronchopulmonary system. In oc-
cupational environment vanadium and its 
compounds can also enter a body via skin and 
eye mucosa [20]. It has been shown that va-
nadium that enters a human body with food is 
poorly absorbed in the gastrointestinal tract 
(from 0.2 to 1.0 %). Most vanadium that was 
consumed orally turns into poorly soluble va-
nadium dioxide (IV) VO(OH)2 and is ex-
tracted with feces; due to it, it doesn’t cause 
any potential hazard for human health [21]. 
However, a decrease in overall fat, carbohy-
drates, and proteins consumption can influ-
ence vanadium absorption [7]. 

Primarily vanadium enters a body via 
respiratory tracts. Respiratory organs are ba-
sic target ones when it comes to inhalation 
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exposure to vanadium. It was shown that al-
ready after a 2-day chronic exposure to vana-
dium in doses equal to 0.28 mg/m3 mice and 
rats had changes in their lung tissue that in-
volved inflammation, fibrosis, and cell hy-
perplasia in bronchiolar and alveolar epithe-
lium [22]. Health disorders among children 
and adults occur due to impacts exerted on 
them by high vanadium concentrations in 
ambient air as well as in working area air [4, 
8]. Size of vanadium-containing particles and 
vanadium compounds solubility are signifi-
cant factors determining a rate at which vana-
dium is absorbed in respiratory tracts. 

Previous research revealed that vanadium 
that entered a human body caused changes in 
immune reactivity and increased genetic vari-
ability in population. Workers employed at a 
metallurgic enterprise where a full cycle for 
vanadium iron production was used had by up 
to 37 % greater quantity of apoptotic cells and 
lymphocytes expressing CD25+-receptor in 
their bodies in case vanadium was identified 
in their blood at a level close to an upper 
boundary of a reference value [13]. Pro-
apoptotic cytokines hyper-production and hy-
per-expression of early activation CD25 
marker as well as growth in Annexin V-posi-
tive lymphocytes quantity were detected in 
examined children who lived under chronic 
aerogenic exposure to V2O5 that was intro-
duced into ambient air as a component in indus-
trial emissions from metallurgic productions. 
Studies on gene polymorphism under expo-
sure to vanadium allowed revealed polymor-
phic changes as per heterozygote type in genes 
of Р450 (CYP2D6rs38) cytochrome, corpopor-
hyrine genase (CPOXrs1131857), methylentet-
rahydrofolate reductase (MTHFRrs1801133), and 
peroxisome proliferation (PPARG rs4253778) 
that were responsible for the 1st and 2nd stage 
in metals detoxification. For example, fre-
quency of mutant gene CYP2D6rs38 was 
4.3 times higher among adults who were ex-
posed to vanadium than among non-exposed 
ones. Children exposed to vanadium had po-
lymorphic changes that involved heterozygote 
polymorphism of genes responsible for de-

toxification and oxygenation (CPOX, sulf 
transminase – SULT1rs9282861, glutathione 
transferase – GSTA4rs3756980). It was estab-
lished that children exposed to vanadium had 
mutant allele 4 times more frequently than 
non-exposed ones. 

Vanadium is to a greater extent absorbed 
in a body as vanadate anion than as vanadyl-
cation. In certain physiological states vana-
dium occurs in a body as vanadates (oxidation 
rate5+), meta-vanadate (VО3–), and probably 
ortovanadate (VО4

3–). Vanadium is able to 
change its oxidation rate when it travels from 
one medium to another and it results in va-
nadyl spontaneously transferring into va-
nadate and back again. A rate at which vana-
dium compounds transform in a body and 
types into which they transform have consid-
erable influence on a share of absorbed vana-
dium. Vanadium has another significant prop-
erty and it is its ability to create new types; 
this ability depends on biologic or synthetic 
chelators or biogenic ligands being present in 
a body [23]. 

When vanadium enters the systemic 
blood flow, it gets bonded to plasma proteins, 
in particular, to transferrin and albumin and 
low-molecular ligands such as citrate, ox-
alate, lactate, phosphate, glycine, hystidine, 
as well as with hemoglobin; if a concentration 
is high, it can also create a bond with immu-
noglobulin G [6, 8, 24, 25]. Vanadium con-
tents in blood fall by approximately 30 % 
during the first 24 hours after it has entered a 
body [26]. But at the same time vanadates 
are able to replace phosphates in bone tissue 
and it leads to vanadium accumulation and 
long-term persistence in bones, longer than 
1 month [27]. 

Vanadium penetrates into a cell due to 
transport structures in cell membranes (trans-
porters, phosphates or sulfate-ion channels) or 
receptor-mediated endocytosis [3]. As vana-
dium has a strong ability to change oxidation 
or exchange ligands (H2O, CO, H+, OH−, Cl−, 
PO4

3− etc.) depending on the micro-environ-
ment, molecules that are close to it can exert 
significant influence on vanadium transporta-
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tion through cell membranes. Vanadium dis-
tribution inside cells depends on what vana-
dium compound has penetrated a body. In a 
cell vanadium interacts with glutathione, 
ascorbic acid, or nicotinamide adenine dinu-
cleotide (NADH) and it results in its recovery 
from V5+ to V4+ [8, 9, 28]. And here vanadyl 
(four-valent state) prevails inside a cell. Intra-
cellular oxidizers such as NAD+, O2 и O2

2– 
can oxidize vanadyl back into vanadate [3]. 
Mutual transformation between different va-
nadium types in a cell (basically V+4/V+5 and 
to a lesser extent V+3) occurs constantly. Dif-
ferent compartments in a cell have different 
pH and due to it they have different ability to 
absorb and accumulate vanadium [7]. Inside 
a cell vanadium compounds can either exert 
direct influence on various organelles thus 
changing their functional activity or they  
can interact with a wide range of protein 
molecules and modify intracellular signal 
cascades. 

Mice that had been aerogenically exposed 
to vanadium (V) had inflammatory processes 
in their lungs 6 hours after the exposure; af-
ter 72 hours there was a significant increase 
in apoptotic cells quantity. Absorbed vana-
dium stimulated NADH-oxidase activity of 
mitochondria responsible for apoptosis reali-
zation [28]. Experimental models in vitro 
and in vivo allowed establishing dose-
dependent effects produced by sodium or-
tovanadate (Na3VO4) on anaplastic carci-
noma in the thyroid gland; the effect in-
volved the cellular cycle stop at G2/M phase 
and a decrease in mitochondria membrane 
potential (Ψ) [29]. It was proven that de-
cavanadate changed antioxidant enzymes 
activity when accumulating in mitochondria 
and also induced mitochondrial membranes 
de-polarization [30]. Human cholangiocarci-
noma (PC-1) cells were used in an experi-
ment and it allowed establishing that V5+ in-
hibited an electrons transfer chain and apop-
tosis induction an also led to mitochondrial 
potential collapse (ΔΨ) [4]. Isolated mito-
chondria from rat liver were treated with 
five-valent vanadium (concentrations rang-

ing from 25 to 200 µM) and it resulted in 
cytochrome c release from mitochondria [31]. 
Mitochondria membrane potential went 
down by 50 % when human hepatocellular 
carcinoma (HepG2) cells were incubated for 
72 hours with VO (250 µg/mL) [32]. Besides, 
vanadium can have direct influence on inter-
nal mitochondria membrane and it can later 
disrupt electrons transfer between respiratory 
complexes thus resulting in excessive reac-
tive oxygen species (ROS) occurrence in mi-
tochondria [33]. Considerable ROS produc-
tion also results from p53 activation. We 
should note that some molecules of p53 itself 
can transfer into mitochondria and the proc-
ess is accompanied with cytochrome c leav-
ing mitochondria (bcl-2 prevented such ef-
fects) [34]. Interaction between p53 and 
MAPK-cascade that took place during cell 
cycle regulation was also described. It was 
established that p53 played certain role in 
necrosis initiation under direct interaction 
with cyclophilin D (CYPD), a mitochondrial 
matrix protein and a component in mito-
chondrial pore [1]. Vanadium is able to re-
lease Cа2+ from intracellular depots and its 
concentrations contribute significantly into 
regulation of mitochondrial pore opening [7]. 
Mitochondria and endoplasmatic reticulum 
are considered capacitive calcium depots. 
A change in calcium contents in a cell results 
in various cellular mechanisms being activated 
or inhibited including cell death mechanism. 
Vanadium (V) oxide V2O5 accumulated in 
mitochondrial lysosomes and stimulated 
autophagy in breast cancer (MCF-7) cells [14]. 
It was revealed via experiments that, depend-
ing on exposure duration, vanadium oxide 
both caused pro-oxidant effects and stimu-
lated anti-oxidant properties in MCF-7 cells 
culture. Mitochondria play a key role in con-
trol over cellular calcium homeostasis and 
ROS generation and it means that mitochon-
dria participate in regulation of various cell 
death types. It is in mitochondria that a cell 
«makes a choice» on a lethal program it is 
going to follow (apoptosis or necrosis). 
Apoptosis is initiated in case there is moder-
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ate damage done to mitochondria membranes 
whereas considerable damage results in a 
cell dying via necrosis. 

Vanadium is an element that can be in 
different oxidation states and that participates 
in reactions resulting in free radicals occur-
rence. Free radicals, regardless of their origin 
and reasons that caused their generation, can 
interact with nucleic acids, proteins, lipids, 
and carbohydrates. Cellular dysfunction 
caused by oxidative stress is often linked to 
damage to DNA and it can cause cell death. 
The International Agency on Cancer Research 
(IARC) experts consider that vanadium pen-
toxide belongs to 2B category or «is probably 
carcinogenic for people». It was shown in 
in vivo system that vanadium tore apart cer-
tain DNA threads, caused chromosome aber-
rations (structural and numerical) and nitro-
gen bases oxidation [35]. In a normal state 
genetically defective cells are to be elimi-
nated via apoptosis. There is a hypothesis that 
insufficient apoptosis results in malignant 
transformation of damaged cells and tumor 
dissemination. There was an experiment per-
formed on human hepatocellular carcinoma 
cells; it revealed that vanadium caused dam-
age to nuclear and mitochondrial DNA and 
reduced cell vital capacity [36]. Mediated 
negative effects produced by vanadium on 
DNA as a result of reactive oxygen species 
generation involved desoxyribose oxidation, 
nitrogen bases modification, chains sewing 
together and tearing up. However, other re-
searchers didn’t believe vanadium had any 
carcinogenic properties [22, 37]. Depending 
on a suggested experimental model, vana-
dium concentrations and other vanadium-
containing chemical compounds can have ei-
ther anti-tumor or carcinogenic properties 
[21, 38]. Obviously, a key role in carcino-
genesis occurrence belongs to cells being in-
susceptible to apoptosis or this process being 
inhibited. 

Vanadium and its compounds inhibit ac-
tivity of Н+,K+-АТPhase, Na+,K+-АТPhase, 
and Са2+,Mg2+-АТPhase. Depending on  
ATPhase type, there can be a wide range of 

their affinity with vanadate [39]. It was shown 
that decavanadate [V10O28]6 was the most 
powerful Са2+-АТPhase inhibitor in compari-
son with other vanadates [40]. ATPhases are 
most significant regulators of multiple cell 
functions including cell death [41]. In par-
ticular, non-apoptotic cell death (autosis) 
critically depends on Na+,K+-АТPhase activ-
ity [1]. ATPhases were proven to have a sig-
nal function. For example, a direct interac-
tion between sodium-potassium ATPhase 
(Na+,K+-АТPhase) and Src-family kinase ini-
tiate phosphorilation of certain signal cas-
cades that control cell death. It was estab-
lished that metavanadate and ortovanadate 
inhibited Na+,K+-АТPhase in neuronal cells 
obtained from rat hippocampus [38]. 

The fact that vanadate is able to replace 
phosphate indicates that these two substances 
are similar to each other. Many benign or ad-
verse effects produced by vanadate are at 
least partially due to similarities between 
these two anions. Vanadate and phosphate are 
groups with tetrahedral morphology and a 
charge almost spherically distributed in the 
outer sphere. Therefore, vanadate can easily 
replace phosphate in such enzymes as phos-
phatases and kinases [8]. However, an overall 
ionic charge of basic particles that occur at 
pH 7 is different as it is equal to 2 in phos-
phate and 1 in vanadate; it can result in dif-
ferent interactions with elecrophilic groups. 
Lower d orbital and a coordination number 
exceeding 4, usually 5 and 6, leads to one-
electron vanadate recovery. As a result there 
is a growth in fixation of vanadates with side 
chains consisting of amino acid protein rem-
nants [42]. There is a peculiarity vanadate has 
in physiologically significant concentrations 
and it makes it different from phosphate; this 
peculiarity is protonation state: at pH7 va-
nadate almost exclusively occurs in its di-
protonated form whereas phosphate occurs as 
a mixture of mono- and dihydrophosphate [8]. 
Therefore, vanadate can easily replace phos-
phate in such enzymes as phosphates and 
kinases. In case vanadium occurs in a body in 
excess quantities, a change in enzyme cas-
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cades activity in a cell results in a change in 
apoptotic signal conductivity. 

Protein kinases (phosphotrasferases and 
kinases) and phosphatases are enzymes that 
accordingly catalyze phosphorilation (phos-
phate group addition) and de-phosphorilation 
(phosphate group removal) of a substrate. 
Under exposure to vanadium enzymes that 
participate in phosphate group transfer are 
inhibited or activated as a result of «vana-
date – phosphate antagonism». Vanadate, due 
to its stronger bonding with phosphate-
containing enzymes, is able to induces 
changes in activity of phosphorilation / de-
phosphorilation enzymes. Kinases and phos-
phatases are responsible for activity of signal 
pathways that activate physiological effects 
cascade; due to this ability these enzymes are 
responsible for cell responses regulation. Im-
balance between phosphorilation and de-
phosphorilation can have negative influence 
on processes that are vital for cells function-
ing including cell survival or death. Experi-
ments allowed establishing that vanadate in-
hibited phosphatases activity [43]. But at the 
same time vanadate is not a specific inhibitor 
for all phosphatases as it is still unclear how 
vanadium-containing chemical complexes 
inhibit many enzymes that catalyze substrate 
phosphorilation [7]. It was shown that 
oxovanadium (IV) complex (Na2[VO(Glu)2 
(CH3OH)] (Glu=glutamate)) in concentration 
ranging from 0.21 to 0.37 µM inactivates pro-
tein tyrosine phosphatase 1B (PTP1B) [44]. 
PTP1B, as a negative regulator of insulin sig-
nal pathway, interacts directly with insulin 
receptor and de-phosphorilates tyrosine rem-
nants [3]. Super-expression of this enzyme 
was detected in case of HER2-positive can-
cer. Protein tyrosine phosphatase 1B indi-
rectly potentiates Src activity (cytosolic tyro-
sine kinase that is not bound to receptor). 
Certain vanadium compounds, pervanadates 
in particular, have oxidative properties in low 
concentrations and therefore they can directly 
activate Src [45]. Src-kinases are able to in-
hibit caspase-8 protease activity [46]. In case 
caspases are inactivated, FASL can initiate 

cell death as per necrosis type. As vanadium 
changes Na+,K+-АТPhase activity, it exerts 
indirect influence on Src. Src-kinase in an ac-
tive component in activation of transcription 
factors such as AP-1 and NF-kB as well as mi-
togen-activated protein kinases (MARK-kinases) 
and membrane-bound proteins (Ras) that par-
ticipate in transferring Ras/MAPK-signal cas-
cade signals. Signal is transferred from cellu-
lar membrane to nucleus via Ras/MAP-kinase 
pathway activation thus influencing expres-
sion of a wide range of genes. Such activation 
of protein kinase signal pathways results in 
changes in protein products synthesis, mito-
chondria functional activity etc. [47]. Ras is 
also a component in multi-protein complex 
that regulates opening of mitochondrial mem-
brane pores. When this complex is being 
formed, Ras molecules come from cytoplasm 
whereas proteins belonging to BCL-2family 
come from inside. Vanadium changes balance 
between pro- and anti-apoptotic members of 
BCL-2 family, disrupts functional activity of 
MAP-kinase cascades and transcription fac-
tors, and also increases generation of reactive 
oxygen species; in other words, it modifies 
cell death mechanisms and therefore plays a 
significant role in cell life cycle regulation. 

Vanadium and its compounds cause im-
balance in «oxidation – anti-oxidation» sys-
tem via ROS formation. Reactive oxygen 
species are a key segment in initiating intra-
cellular signal transduction and signal transfer 
in separate molecules thus making significant 
changes into MAP-kinase cascades activity. 
When MEK, ERK1/2, PI3K, p38, or JNK 
phosphorilation is modified (activated or in-
hibited) by vanadium, it modifies apoptosis 
start-up and development [35]. It was proven 
that intracellular protein p53 influenced acti-
vation or inactivation of MEK, ERK1/2, 
PI3K, p38, JNK, TNF-alpha, and NF-κB [48]. 
Molecular restructuring in PI3K and MAPK 
cascades under exposure to vanadium causes 
changes in cells survivability. Due to inhibited 
signal transfer through PI3K/Akt/mTOR cas-
cade FAS-mediated apoptosis is induced [49]. 
Phosphatidylinositol-3-kinase (PI3K) activity 
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directly correlated with calcium ions concen-
tration. CD95 doesn’t have any enzyme activ-
ity; however, it can activate various signal 
pathways due to its ability to create inter-
protein (protein-protein) interactions [50]. 
FAS-induced signal cascades lead to NF-κB 
and MARK activation, apoptosis or necrosis 
initiation [51]. An immune-modulating effect 
produced by ERK1/2 which is phosphorilated 
close to cellular membrane involves B-lympho-
cytes and T-lymphocytes activation [52]. CD25-
receptor is early T-lymphocytes activation 
marker; CD95-receptor, their late activation. 

Research works that involved use of 
MEK1/2 kinases pharmacological inhibitors 
allowed proving that ERK1/2 participated in 
modifying functions performed by mitochon-
dria that participated in apoptotic cascade 
amplification and regulation. Activation of 
protein kinases that belong to ERK family is 
most frequently associated with cells survival 
and proliferation stimulation. ERK protein 
kinases make for cellular cycle advancing as 
they inactivate protein kinase MYTI, one of 
its inhibitors. ERK signal pathways can be 
activated as a response to signals coming 
from receptors bound to G-protein via recep-
tor tyrosine kinase, T-cellular receptor,  
N-methyl-D-aspartate receptor and C-type 
lectins receptors [52]. A set of signal cas-
cades creates a network where ERK signal 
pathway communicates with various signal 
pathways via multiple branchings and collat-
erals, and it is regulated as per feedback prin-
ciple and kinase-substrate ratio [52]. 

Some researchers described anti-apop-
totic effects produced by ERK1/2 whereas 
others mentioned pro-apoptotic ones [7, 53]. 
As experiment performed on cells with mela-
noma origin (А375) showed that certain va-
nadium compounds (non-organic anion va-
nadate (V) and oxovanadium (IV) complex 
[VO (1.2-dimethyl-3-hydroxy-4(1)H)-pyridine 
nonate)2]) in different concentrations (4.7 and 
2.6 µM accordingly) induced cell apoptosis 
and cellular cycle stop. A375 line cells were 
treated with these vanadium-containing com-
pounds (four- and five-valent vanadium) and 

it inhibited ERL phosphorilation by approxi-
mately 80 % together with inducing MAPK-
cascade kinases inactivation [54]. Anti-tumor 
effects produced by vanadium on melanoma 
cells are determined by its ability to induce 
apoptosis via ROS generation. Experiments 
allowed establishing that when vanadium 
(V5+) was added into cellular culture in quan-
tity equal to 100 µmol/L–1, it reduced vital 
capacity of epithelial oviduct cells. Mean-
while, treatment of cultivated SB203580 cells 
(p38 MAPK inhibitor) and U0126 cells 
(ERK1/2 inhibitor) eliminated apoptosis-
inducing effects produced by vanadium [48]. 
Incubation of epithelial oviduct cells with 
MAPK inhibitors increased catalase and glu-
tathione peroxidase activity (up to 89 %) as 
well as prevented increase in malonic dialde-
hyde concentration. It was shown that oxida-
tive stress in epithelium oviduct cells caused 
by vanadium was partially due to p38 MAPK 
and JNK/Nrf2 activation that reduced expres-
sion of the 2nd phase detoxification enzymes. 
MEK/ERK signal cascade regulates expression 
of bcl-2 that prevents occurrence of trans-
membrane pores in mitochondria [55]. ROS, 
acting indirectly via ERK1/2, can activate cas-
pase-3 and increase bak and bax expression. 
When activated, ERK1/2 and JNK kinases are 
able to participate in coordinating Keap1/Nrf2/ 
ARE redox-sensitive signal system functioning. 
It was shown that p38 MAK and JNK stimula-
tion exerted anti-apoptotic impacts in most 
cases. It was established that JNK was activated 
with FAS in many cell types [56]. But at the 
same time only long-term JNK activation pro-
vides an opportunity for apoptosis initiation and 
occurrence. An experiment revealed that p38 
MAPK signal cascade was involved in regula-
tion of р53, NF-κB, Stat1 transcription factors 
as well as bcl-2, Cdc25A apoptosis mediators 
[56]. It was proven that p38 MAPK and JNK 
participated in regulating FAS/FASL-system 
activity. p38 MAPK plays a significant role 
in regulating early expression of FASL and 
FAS-mediated caspases activation. Activated 
caspases stimulate JNK for further growth in 
FASL expression [57]. 
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Analytical review of Russian and foreign 
scientific works has revealed that at present 
significant data have been accumulated on 
modifying effects produced by vanadium on 
apoptosis programs activation. Meanwhile 
multiple issues related to probable new ways 
for vanadium inducing or changing cell death 
processes remain disputable. Some research-
ers showed that vanadium had apoptosis-
inducing properties and was able to initiate 
necrosis [54, 58–60]. However, other experts 
proved that vanadium was able to inhibit 
apoptosis [61]. But at the same time nowa-
days most experts in medical and biological 
sciences adhere to an opinion that apoptosis is 
the primary cell death way under exposure to 
vanadium [35]. But here we should clarify 
that most research works that focused on ex-
amining modifying effects produced by vana-
dium on apoptosis mechanisms were per-
formed on tumor cells lines. 

Oxovanadium in concentrations from 0.1 
to 5.0 mg/kg reduced FAS-dependent apop-
tosis in in vivo system [61]. SOV (sodium or-
tovanadate) which inhibits tyrosine phospho-
proetin phosphatases inhibited apoptosis of 
oral squamous cell carcinoma (Cal27) cells 
and inhibition was dose-dependent [60]. 
When natural killers (NK-92MI) were ex-
posed to V2O5, it resulted in FAS, FASL, and 
CD25 hyper-expression. Vanadium-initiated 
lipid peroxidation in membrane makes for a 
change in membrane receptors expression. An 
increase in FAS-ligand quantity was regis-
tered under vanadium pentoxide concentra-
tion equal to 50 mM; maximum CD95-anmti-
gen expression was detected at its concentration 
being 100 mM; CD25-antigen, 400 mM [49]. It 
was shown that exposure to complex vana-
dium (IV) compounds resulted in inhibiting 
FAS-mediated apoptosis caused by protein 
kinase B (PKB) phosphorilation [48]. There 
was imbalance between anti-apoptotic and pro-
apoptotic members of BCL-2 protein family,  
c-fos oncoprotein activation, poly (ADP-ribo-
se) polymerase-1 disintegration and dose-
dependent apoptosis activation when human 
epidermal keratinocytes were exposed to va-

nadyl sulfate (HaCaT) [62]. Vanadium ability 
to initiate receptor-dependent and p53-regu-
lated apoptotic signal in a cell was shown in 
experiments performed on cellular lines. 
Greater initiating caspases-8 activity in mice 
fibrosarcoma (L929) cells and greater p53 
expression in human hepatocellular carci-
noma (HepG2) resulted from vanadium (IV) 
being added to the cell cultures [59]. Vana-
dium stimulated reactive oxygen species oc-
currence and thus induced autophagy, necrop-
tosis, and mitotic disaster in a cell line of me-
tastatic pancreatic adenocarcinoma (AsPC-1) 
[63]. Vanadium in an exposure dose equal to 
0.0005 µg/cm3 caused cell death as per necro-
sis type in in vitro system (leukocytes suspen-
sion obtained from peripheral blood of practi-
cally healthy children exposed to vanadium). 
Vanadium pentoxide nanoparticles (30–60 nm) 
inhibited proliferation of melanoma cells 
(B16F10), lung carcinoma cells (A549), and 
pancreatic carcinoma cells (PANC1). V2O5, 
internalization generated ROS inside cells, 
activated p53 protein and inhibited survivin in 
cancer cells thus inducing apoptosis. How-
ever there were no apparent cytotoxic effects 
produced by vanadium on normal cells (fi-
broblastic kidney cells NRK-49F, cells ob-
tained from human embryo cells HEK 293, 
cell culture obtained from Chinese hamster 
ovaries CHO-K1) [64]. Obviously, modifying 
effects produced by vanadium on cell death 
depend on many components such as vana-
dium oxidation rate, exposure dose, exposure 
duration, cells species and cells belonging to 
a specific organ, differentiation stage, matur-
ity stage, and cell functional state; it requires 
relevant interpretation of obtained results 
[13, 21, 27, 36, 44, 54, 58, 60]. 

In order to get a complete insight into 
modifying effects produced by vanadium on 
apoptosis, it is necessary to accomplish fur-
ther profound research on cell death mecha-
nisms taking into account fundamental regu-
larities in the process as well as apoptosis  
peculiarities determined by the hapten influ-
ence. In order to extrapolate impacts exerted 
by vanadium on a healthy body, in future it 
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will be necessary to experimentally model 
apoptosis not only on tumor cells but also to 
more widely involve cells or cell lines taken 
from a healthy body to be used in in vitro 
systems. Probably, a small range of vana-
dium concentrations between its essentiality 
and toxicity predetermines multi-directional 
changes in apoptosis induction and comple-
tion [16, 38]. Moreover, peculiarities of an 
object (body) exposed to vanadium are also to 
be taken into account (age, sex, genetic pecu-
liarities if xenobitoics metabolism, etc.) [3, 4, 
7, 8, 31–33, 37, 48, 62, 63]. A hypothetic cell 
death mechanism modified by technogenic 
vanadium compounds is given in the Figure. 

Control over cells population in a multi-
cellular organism is a vital biological process 
that provides an opportunity for a body to get 
rid of potentially hazardous cells. Apoptosis 
activation makes for auto-immune and im-
mune-proliferative processes development; 
cell death inhibition can result in immune de-
ficiency, inflammatory reactions, and neu-
rodegenerative diseases. Disorders in cell 
death become more probable under exposure 

to chemicals that pollute the environment. 
Environmental contamination with vanadium 
and its compounds due to technogenic activi-
ties create hazards for exposed adults’ and 
children’s health and this fact is truly alerting. 
Hazards caused by vanadium are predeter-
mined by its ability to modify apoptosis 
mechanisms. Thus, vanadium-induced lipid 
peroxidation that has chain character results 
in changes in biophysical properties of mem-
branes (greater permeability and changes in 
their fluidity), free radicals accumulation, and 
changes in membrane reception. Inside cells, 
vanadium and its compounds can also stimu-
late free oxygen species occurrence when 
metabolic reactions are developing in various 
cellular compartments. ROS produce their 
effects on separate protein molecules acting 
as inhibitors or activators and influence bio-
chemical and physiological mechanisms of 
intracellular signalization. Immune-modifying 
effects produced by vanadium are related to 
blocking / activating enzymes via creating 
complexes with their substrates and via com-
peting with phosphate in phosphate-binding

 
Figure. A hypothetic cell death mechanism modified by technogenic vanadium compounds;  

POL is lipid peroxidation, MARK are mitogen-activated protein kinase cascades; ROS are reactive  
oxygen species; cyt c is cytochrome с; ΔΨ is mitochondrial potential collapse 
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enzymes; ultimately, it induces changes in sec-
tions of intracellular transmission cascades [9]. 
Obviously, vanadium has significant immune-
therapeutic potential since it is able to modify 
processes that result in cell life or death; it 
predetermines significance of further examina-
tion and analysis of molecular mechanisms 
and signal cascades under exposure to a hapten 
(vanadium). Monitoring over biological pa-
rameters that determine cell death under expo-
sure to vanadium and its compounds provides 

an opportunity to timely identify risks of dis-
ease occurrence and prevent damage to health. 
The performed analysis of scientific works al-
lowed revealing peculiarities and determining 
probable cell death scenarios under exposure 
to technogenic vanadium and its compounds. 
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