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REVIEW ARTICLE

Angiogenesis and lead (Pb): is there a connection?

Anna Macho�n-Grecka , Michał Dobrakowski, Aleksandra Kasperczyk, Ewa Birkner and Sławomir Kasperczyk

Department of Biochemistry, School of Medicine with the Division of Dentistry, Medical University of Silesia in Katowice, Zabrze, Poland

ABSTRACT
Lead (Pb) is a toxic heavy metal ubiquitously distributed around the world, especially in industrial
areas. Occupational and environmental exposures to Pb have detrimental effects on human health. Pb
affects functioning of many systems of the human body, including the cardiovascular system.
Angiogenesis, the process of new blood vessel formation, which makes critical contribution throughout
life is deranged in various diseases. Excessive angiogenesis may result in different diseases including
cancer. On the other spectrum, insufficient angiogenesis is observed in many diseases, such as athero-
sclerosis, hypertension, and cardiovascular disease. These disorders are also associated with occupa-
tional Pb exposure. In this paper, epidemiological and experimental studies are reviewed selectively for
evidence in support of this hypothesis, that is, interactions between Pb and angiogenesis. We discuss
the evidence for the possible mechanism of Pb impact on concentrations of angiogenic factors. Studies
suggested that Pb exposure affects the level of angiogenic factors associated with angiogenesis regula-
tion and promotion. Further research is needed, especially in the mechanisms in which Pb-induced vas-
cular endothelial growth factor (VEGF) disregulation is present. We believe that characterizing the
connection between Pb and angiogenesis will provide helpful information for the development of
intervention strategies to reduce the adverse effects of Pb exposure.
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1. Introduction

Industrial development increases the threat to human health
caused by chemical contamination of the environment.
Occupational and environmental exposures to lead (Pb) have
detrimental effects on human health. Pb affects functioning
of many systems of the human body, including the cardio-
vascular system (Navas-Acien et al. 2007, Cosselman et al.
2015). Pb uptake into the cell is affected by the pH changes
and the cell type (Simons 1986, Cheong 2004). Pb2þ ions can
mimic Fe2þ and Ca2þ to gain access to the intracellular com-
partment using their transporters (Christy and Rudolfs 2010).
Pb toxicity is caused by its high affinity for cysteine –SH
group, tyrosine –OH group, lysine –NH2 group, glutamic/
aspartic acid carboxylate (COO�), and phosphate groups in
proteins, enzymes, and cell membranes (Sisombath and
Jalilehvand 2015). Pb2þ has also similar ionic radius (1.19 Å)
as Ca2þ (1.00 Å) and Zn2þ (0.74 Å) and it can displace both
Ca2þ and Zn2þ in proteins (Godwin 2001). Another potential
mechanism of Pb toxicity is the ability of Pb to induce oxida-
tive stress.

Angiogenesis, the process of new blood vessel formation,
which makes critical contribution throughout life with
important role in successful regeneration and growth of new
tissues is important for normal functioning of the organism.
Excessive angiogenesis may result in different diseases
including cancer (Bisht et al. 2010). On the other spectrum,
insufficient angiogenesis is observed in many diseases, such

as atherosclerosis, hypertension, and cardiovascular disease
(Khurana et al. 2005, Radomska-Le�sniewska et al. 2016). These
disorders are also associated with occupational Pb exposure
(Silbergeld et al. 2000, Vaziri 2008, PoreRba et al. 2011,
Prokopowicz et al. 2017). Several reviews have examined the
possible mechanisms relating Pb and cardiovascular alter-
ation (Peters et al. 2012, Shinkai and Kaji 2012, Solenkova
et al. 2014).

In this paper, epidemiological and experimental studies
are reviewed selectively for evidence in support of this
hypothesis, that is, interactions between Pb and angiogen-
esis. We discuss the evidence for the possible mechanism of
Pb impact on concentrations of angiogenic factors.

1.1. Search strategy

The searching methodology used in this review article
included electronic searches which were done in the PubMed
database by using key words mentioned in the MeSH regard-
ing the role of Pb in modulation of angiogenesis as well as
production of stimulatory or inhibitory factors that impact
angiogenesis processes.

2. Pb and endothelial dysfunction – in vitro studies

There are only a few in vitro studies showing adverse effects
of Pb on endothelial cells (EC) and vascular smooth muscle
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cells (VSMC). The endothelium plays a central role in the
regulation of vascular function, macromolecular permeability,
tissue perfusion, blood fluidity, and numerous other vital
functions. Endothelial damage or dysfunction results in ath-
erosclerosis, thrombosis, and tissue injury (Navas-Acien et al.
2007, Vaziri 2008, Shinkai and Kaji 2012).

In VSMC, Pb in concentrations 0.5–10 mM had a stimula-
tory, dose-dependent manner on cells growth and prolifer-
ation (Fujiwara 1995). Another in vitro studies demonstrated
that Pb inhibits the repair of wounded monolayers, reduces
proliferation without nonspecific cell damage (Kaji et al. 1995,
1997, Kishimoto et al. 1995, Ueda et al. 1997; Table 1). These
results suggest that Pb is potentially involved in the alter-
ation of new blood vessels from preexisting vessels by mul-
tiple mechanisms.

3. Pb and selected angiogenic factors

Angiogenesis is regulated by an extensive variety of angio-
genic stimulators and inhibitors (Table 2). In vitro studies sug-
gest that Pb may modulate angiogenesis via induced
interleukin 8 (IL-8) gene expression via the plasma membrane
epidermal growth factor receptor (EGFR) through mitogen
activated protein kinases (MAPK) pathway, activator protein 1
(AP-1), and nuclear factor-kappa B (NF-jB) (Figure 1) (Chang
et al. 2011, Chou et al. 2011, Lin et al. 2015, Saghiri et al.
2016). IL-8 was indicated to promote tumor angiogenesis and

invasion via inducing angiogenesis and the epithelial–mesen-
chymal transition of multiple human carcinoma cells
(Petzelbauer 1995). Dobrakowski et al. (2016a) showed that
the level of IL-8 was significantly increased after subchronic
and chronic occupational exposure to Pb, by 34% and 40%,
respectively. This observation also supports the hypothesis
that Pb exposure may indirectly affect angiogenesis.

Vascular endothelial growth factor (VEGF), the key angio-
genic growth factor, stimulates proliferation, migration, and
tube formation of ECs primarily through the soluble vascular
endothelial growth factor receptor-2 (sVEGFR-2; Ushio-Fukai
2006). In vitro studies have shown that Pb induces the
expression and levels of VEGF in rat spinal cord astrocyte cul-
ture with superoxide dismutase-1 G93A mutation (Barbeito
et al. 2010) and in immortalized human fetal astrocytes
(Hossain et al. 2000). However, Bouton et al. (2001) did not
find VEGF in a microarray screen after Pb-exposure on astro-
cytes. Nevertheless, Kasten-Jolly and Lawrence (2017) demon-
strated that low Pb exposure resulted in decreased
angiogenesis by increased expression of EVH1 domain-con-
taining protein-1 (Spred-1) in Pb exposed mice. Signal trans-
duction through the VEGF includes Raf and ERK, Spred-1
negatively regulates the ERK pathway by inhibiting the func-
tion of Raf.

The analysis for expression of factors associated with early
stages of angiogenesis indicated that Pb exposure changed
the expression pattern of these factors. The molecular mech-
anism of these alterations is not clear. Some data suggested

Table 1. Systemic classificatory list of in vitro studies reporting the lead impact on endothelial dysfunction.

Cell types Lead dose (mM) Main finding References

Vascular smooth muscle cells 0.5–10 Stimulatory, dose-dependent manner on cells growth and proliferation Fujiwara (1995)
Aortic endothelial cells 0.5, 1.0, 2.0, or 5.0 Inhibition of the proliferation of cultured cells, without nonspecific cell damage Kaji et al. (1995)
Vascular endothelial cells 10 Alteration of heparan sulfate proteoglycans Kaji et al. (1997)
Vascular endothelial cells 0.3–30.0 Dose-dependently inhibition of the tube formation Ueda et al. (1997)
Vascular endothelial cells 0.1–50.0 Dose-dependently inhibition of the tube formation Kishimoto et al. (1995)

Table 2. Systemic classificatory list of epidemiological and experimental studies reporting the lead impact on selected angiogenic factors.

Epidemiological (Ep) or experimental (Ex) studies Pb concentration or dose Main finding References

Ex: Vascular smooth muscle cell 1 mM EGFR activation
COX-2/cPLA2 expression "

Chang et al. (2011)

Ex: Gastric carcinoma cells 0.1 lM IL-8 expression " Lin et al. (2015)
Ex: Vascular smooth muscle cells 1 mM COX-2 expression "

EGFR/NF-jB signal transduction pathway "
Chou et al. (2011)

Ep: Occupational lead exposure 36.6 and 48.7 mg/dl IL-8 concentration " Dobrakowski et al. (2016a, 2016b)
Ex: Rat spinal cord astrocyte 27 mg/dl VEGF expression " Barbeito et al. (2010)
Ex: Human fetal astrocytes 10 mM VEGF expression "

PKC/AP-1/HIF-1 signal transduction pathway "
Hossain et al. (2000)

Ex: Rat astrocytes 10 mM VEGF expression � Bouton et al. (2001)
Ex: Pb-exposure mice Low lead exposure Spred-1 "

VEGF expression #
Kasten-Jolly and Lawrence (2017)

Ex: Glia cells 25 lM COX-2 expression " Wei et al. (2014)
Ex: Pb-exposure rats 0.25 mM NOS " Ramesh and Jadhav (2001)
Ex: Pb-exposure mice 0.1 mM NOS2 expression "

VEGF expression "
MAPK signal transduction pathway "

Kasten-Jolly et al. (2012)

Ex: Pb-exposure rats 25 mg/kg of body weight HIF-1a concentration "
VEGF concentration "

Das et al. (2015)

Ex: Human breast cancer cell 1 mM NOS activity # Zhong et al. (2014)
Ep: Occupational lead exposure 37.0 mg/dl sVEGFR-1concentration "

FGF-basic concentration "
Macho�n-Grecka et al. (2017)

EGFR: epidermal growth factor receptor; cPLA2: calcium-dependent Phospholipase A2; PKC: protein kinase C; MAPK: mitogen activated protein kinases; AP-1: acti-
vator protein 1; NF-jB: nuclear factor-kappa B; VEGF: vascular endothelial growth factor; Spread-1: sprouty-related: EVH1 domain-containing protein 1; COX-2:
cyclooxygenase-2; NOS2: nitric oxide synthase 2; HIF-1a: Hypoxia-inducible factor 1-alpha; sVEGFR-1: soluble vascular endothelial growth factor receptor-1; FGF-
basic: fibroblast growth factor-basic.
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that Pb might have activated transcription of the
Cyclooxygenase-2 (COX-2) genes via the plasma membrane
epidermal growth factor receptor (Figure 1) (Chou et al.
2011). COX is the key enzyme required for the conversion of
arachidonic acid to prostaglandins. Wei et al. (2014) showed
the influence of Pb on the induction of COX-2 gene transcrip-
tion in the mechanism mediated by transcription factors NF-
jB, AP-1, and NFAT (nuclear factor of activated T cells). COX-
2 is a source of inflammatory mediators and regulates pro-
duction of angiogenic factors, including VEGF (Kolev et al.
2007, Koh et al. 2013). COX-2 and its related angiogenic fac-
tors may play an important role in promoting morphological
change in the microvasculature.

It has been known for many years that subchronic and
chronic Pb exposure is able to promote production of proin-
flammatory mediators and cytokines. Recent studies dis-
cussed the possible relationship between expression of the
nitric oxide synthase 2 (NOS2) and angiogenesis (Niu 2004,
Cheng et al. 2014, Lee et al. 2016). Some data suggested that
Pb exposure causes the up-regulation of NOS2 gene expres-
sion (Figure 1) (Ramesh and Jadhav 2001, Kasten-Jolly et al.
2012). Moreover, Das et al. (2015) showed that both Pb acet-
ate and chronic sustained hypoxia stimulate the production
of hypoxia-inducible factor 1-alpha (HIF-1a) transcription fac-
tor and VEGF gene expression in hepatic tissue, which are
reflected by increased serum HIF-1a and VEGF levels. This
alterations were due to changes in the hyper activities of
NOS2. However, other studies implied that Pb treatment
reduced NOS activity and nitric oxide (NO) production
(Zhong et al. 2014).

The soluble form of vascular endothelial growth factor
receptor-1 (sVEGFR-1) retains its high-affinity binding to VEGF
and it is likely to be a negative regulator of VEGF availability
by sequestrating the ligand and by forming inactive hetero-
dimers with membrane-bound VEGF receptors (Wierzbowska
et al. 2003, Duda 2012). Our previous study showed that
chronic, occupational Pb exposure (BLL ¼ 37.0mg/dl) is asso-
ciated with elevated levels of sVEGFR-1 and fibroblast growth
factor-basic (FGF-basic) (Macho�n-Grecka et al. 2017).
However, in the same Pb exposed group we indicated lower
levels of leptin (Dobrakowski et al. 2017). Both FGF-basic and
leptin are positive modulators of angiogenesis (Yamagishi
et al. 2003, Khurana et al. 2005).

4. Oxidative stress due to Pb exposure and
angiogenesis

The reactive oxygen species (ROS) can be generated either
endogenously, through mitochondrial electron transport
chain reactions and nicotinamide adenine dinucleotide phos-
phate oxidase, or exogenously, resulting from exposure to
environmental agents, such as Pb. Previous studies suggested
that Pb was known to induce oxidative stress by increasing
the production of ROS. Moreover, studies relating the effect
of Pb on prooxidant/antioxidant balance represent one of
the principal trends in scientific research on Pb toxicology. In
vitro (Xue et al. 2017) and in vivo animal studies (Patra et al.
2001, Pande and Flora 2002) indicated that Pb induced oxi-
dative damage. This was supported by several human studies
(Gurer-Orhan et al. 2004, Dobrakowski et al. 2016a, 2016b).

There are numbers of compelling studies in which ROS
activated angiogenesis via two different mechanisms; VEGF-
dependent and VEGF-independent mechanism (Radomska-
Les€niewska et al. 2016). Exogenous ROS stimulates induction
of VEGF through HIF-1a–VEGF/VEGFR2 signaling pathway
(Ushio-Fukai and Nakamura 2008). The VEGF-independent
mechanism mediating proangiogenic function of ROS
involves the generation of new lipid oxidation products with
proangiogenic activities (Figure 1) (Kim and Byzova 2014).

Results of the recent study show that Pb acetate stimu-
lates the production of ROS, HIF-1a transcription factor, and
VEGF gene expression in chronic exposure rats (Das et al.
2015). Sun et al. (2017) found that HIF-1a gene expression
increased after Pb treated in human and mouse-derived pri-
mary cells. Other elements such as cobalt or nickel have also
been shown to stabilize HIF proteins and promote transcrip-
tion of HIF-1a-mediated genes (Wang et al. 2009).

5. Conclusions

The impact of Pb on angiogenesis is poorly understood.
Although pieces of evidence in support of the hypothesis of
connection between angiogenesis and Pb are strong. Studies
suggested that Pb exposure affects the level of angiogenic
factors associated with angiogenesis regulation and promo-
tion. Unfortunately, presented in vitro studies have significant
limitations resulting from selected Pb doses. Bannon et al.
(2016) noted that matching target dose to target organ is an
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Figure 1. Hypothetical scheme for Pb-modulated angiogenesis. Pb activated
the plasma membrane epidermal growth factor receptor (EGFR) through mito-
gen activated protein kinases (MAPK) pathway, activator protein 1 (AP-1),
nuclear factor-kappa B (NF-jB), and increased gene expression for Interleukin 8
(IL-8), Cyclooxygenase-2 (COX-2) and Nitric Oxide Synthase 2 (NOS2). Pb stimu-
lated intracellular ROS production. ROS promotes angiogenic responses in vari-
ous tissues by HIF-1a/VEGF/VEGFR2 signaling pathway or VEGF-independent
mechanism via lipid oxidation products and nuclear factor-kappa B (NF-jB).
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often overlooked aspect of in vitro assays. Authors suggest
that the Pb dose of 0.1 mM is at the highest end of Pb tox-
icity, perhaps even lethal. In the discussed in vitro studies,
the medium Pb does is about 10 mM and it is extremely high,
which can significantly affect conclusions about the relation-
ship between Pb and angiogenesis. Cellular stress, mediated
by Pb, leads to an adaptive response involving various mech-
anisms stimulating the early stage of angiogenesis. Further
research is needed, especially in mechanisms in which Pb-
induced VEGF dysregulation is present. We believe that char-
acterizing the connection between Pb and angiogenesis will
provide helpful information for the development of interven-
tion strategies to reduce the adverse effects of Pb exposure.
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