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Exosomes: mediators of communication in eukaryotes

Maria A. Lopez-Verrilli'* and Felipe A. Court'2*
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2 NeuroUnion Biomedical Foundation, Santiago, Chile

ABSTRACT

In addition to the established mechanisms of intercellular signaling, a new way of communication has gained much attention in the last
decade: communication mediated by exosomes. Exosomes are nanovesicles (with a diameter of 40-120 nm) secreted into the extracellular
space by the multivesicular endosome after its outer membrane fuses with the plasma membrane. Once released, exosomes modulate

the response of the recipient cells that recognize them. This indicates that exosomes operate in a specific manner and participate in

the regulation of the target cell. Remarkably, exosomes occur from unicellular organisms to mammals, suggesting an evolutionarily
conserved mechanism of communication. In this review we describe the cascade of exosome formation, intracellular traffic, secretion, and
internalization by recipient cells, and review their most relevant effects. We also highlight important steps that are still poorly understood.

Key words: Exosome, nanovesicle, intercellular communication.

INTRODUCTION

Cell-cell communication is imperative for life. There are
different pathways of intercellular communication, such as
the expression of signalling molecules on plasma membranes
or the secretion of soluble ligands (Grimmelikhuijzen and
Hauser, 2012), gap junctions and tunneling nanotubes that
allow electrical and metabolic coupling among cells (Abounit
and Zurzolo, 2012; Orellana et al., 2012). In addition to these
modes of communication, cells release membrane vesicles into
the extracellular environment that affect target cells (Simons
and Raposo, 2009).

In the 1980s, the groups of Stahl and Johnstone described
the secretion of nano-sized vesicles during reticulocyte
maturation (Harding et al., 1983; Pan et al., 1985). These
vesicles were named exosomes and were thought to be
necessary to remove unneeded proteins from cells (Johnstone
et al., 1987). Later, Raposo et al. described that exosomes had
antigen-presenting capacity (Raposo et al.,, 1996). Thereafter,
the study of functional effects of exosomes has grown steadily
(Simons and Raposo, 2009; Thery et al., 2009; Record et al.,
2011; Pant et al., 2012).

Exosome release has been shown in eukaryotes, from
microorganisms up to mammals. For example, they are
secreted by protists like Dictyostelium discoideum (Lavialle et
al., 2009) and Trypanosoma cruzi (Bayer-Santos et al., 2012),
fungi (Rodrigues et al., 2011), plants (Regente et al., 2012), and
animals from invertebrates such as Drosophila melanogaster
(Korkut et al., 2009; Beckett et al., 2012; Gross et al., 2012)
and Caenorhabditis elegans (Liegeois et al., 2006) to vertebrates
(Record et al., 2011).

As depicted in figure 1, four sequential steps have
been described in the literature for exosome-mediated
communication. To date, this cascade comprising exosome
formation, intracellular traffic, secretion and internalization
by recipient cells, has been best characterized in immune cells
(Thery et al., 2009; Bobrie et al., 2011) while the information in

other cell types is fragmented. Considering this, we propose
that communication mediated by exosomes between cells must
have been conserved throughout evolution, although how this
pathway may have evolved is not yet known. In this review
we aim to illustrate the current state of knowledge of this
particular way of cellular communication.

EXOSOME-MEDIATED COMMUNICATION
1. Exosome biogenesis

Multivesicular endosomes (MVE, also called multivesicular
bodies or MVB) give rise to exosomes as follows. The
membrane of late endosomes invaginates and forms small
vesicles that are pinched off into the endosomal space. These
are the intralumenal vesicles (ILV) and the whole is the MVE
(Fig. 1A). Notice that the internal face of an ILV membrane
corresponds to the cytoplasmic face of the endosome limiting
membrane, and the content of the ILV is originated from
the cytosol prior to ILV formation. This anatomical fact has
functional relevance for exosomes. A set of MVEs fuse their
limiting membranes to the plasma membrane and the ILVs
with their cargo into the extracellular space. These secreted
vesicles are exosomes (Fig. 1B-C) (Simons and Raposo, 2009).

Formation of ILVs in the late endosome involves the
endosomal sorting complex required for transport (ESCRT)
proteins (Babst, 2011). ESCRT proteins are components of four
ESCRT complexes, ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III
(Hanson et al., 2009). Each of these complexes is sequentially
and transiently recruited to the forming MVE until a vesicle
is fully shaped and released as an ILV into the endosomal
space (Hurley and Emr, 2006). However, increasing evidence
suggests that some lipids such as ceramide may play a key
role in ILV formation, independently of ESCRT complexes
(Trajkovic et al., 2008; Babst, 2011).

As mentioned above, a set of MVE fuse with the plasma
membrane while other MVEs follow a degradative route and

* Corresponding authors: Maria A. Lopez-Verrilli and Felipe A. Court , Department of Physiology, Faculty of Biology, Pontificia Universidad Catélica de Chile, Av. B. O'Higgins 340/Casilla
114-D, Santiago 8331150, Chile. Phone: (00562) 686 2899, Fax: (00562) 354 1850, e-mail: alejanddra@gmail.com; fcourt@bio.puc.cl
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fuse with lysosomes. This pathway leads to the degradation
of ILVs content. Which are the mechanisms that guide MVE
fusion with the plasma membrane or with lysosomes? Evidence
to date is incomplete but supports the existence of different
populations of MVEs (White et al., 2006) and/or different
subpopulations of ILVs within a pool of common MVEs.
Accordingly, MVEs rich in Rab7 GTPase and ILVs containing
phosphatidylinositol-3-phosphate and ubiquitinated proteins
are sorted to lysosomes (Vanlandingham and Ceresa, 2009).
Conversely, MVEs rich in Rabll GTPase and ILVs with high
amounts of ceramide are sorted for exosome secretion (Zerial
and McBride, 2001; Savina et al., 2005). Rab GTPases coordinate
intracellular traffic, such as vesicle formation, transport and
fusion with the target membranes (Zerial and McBride, 2001).
In this way, the recruitment of specific Rabs and their effectors
to MVEs membrane directs their final destination towards
degradation or exosome secretion.

2. Loading of exosomes

In eukaryotes, most secreted proteins use the endoplasmic
reticulum /Golgi-dependent secretory pathway (Keller and
Simons, 1997). These proteins have a signal peptide which
directs their fate towards the exocytic route (Nickel, 2005).
However, proteins that follow unconventional secretory
pathways, such as the exosome-mediated route, do not use
this signal peptide. What commands the secretion of cellular
components within vesicles and how are molecules sorted
into exosomes? Ubiquitination is the best characterized signal

Donor cell Extracellular space
Ubiquitin
Syndecan
Tetraspanin
/ \'Early endosome
ESCRT
A ) Ceramide
AN E
\ A
Rab 7 GTPase
Cc
Rabs GTPases
(Rab11, Rab27, TS
Rab35)

that commands protein sorting into ILVs, for both cytosolic
proteins and the cytosolic tail of membrane receptors (Baietti et
al., 2012). Ubiquitinated-proteins interact sequentially with the
ESCRT complex and with specific domains of late endosomes.
This leads to the invagination of the late endosome membrane
together with the tagged-protein and the final formation of
an ILV (Babst, 2011; MacDonald et al., 2012). However, some
non-ubiquitinated proteins such as the transferrin receptor
interact with the ESCRT complex and are sorted into exosomes,
suggesting that different protein interactions can provide access
to ESCRT processing (Marsh and van Meer, 2008). In fact, an
alternative mechanism to ubiquitin-tagging has been recently
described for a plasma membrane receptor (Baietti et al.,
2012). Syndecans —transmembrane proteins that offer heparin
sulphate to the cell surface- recruit the fibroblast growth factor
receptor into MVEs. To achieve this, the cytosolic domain of
syndecan interacts with the adaptor protein syntenin which in
turn connects syndecans to Alix, an auxiliary component of the
ESCRT machinery. This syndecan-syntenin-Alix pathway leads
to the exosome secretion of fibroblast growth factor receptor
(Baietti et al., 2012). It remains to be explored whether this new
pathway is sufficient to recruit other plasma receptors, such as
the transferrin receptor, into exosomes.

Finally, tetraspanins —evolutionarily conserved
transmembrane proteins— have been proposed to mediate
molecule sorting into ILVs (Rana and Zoller, 2011).
Tetraspanins form microdomains in the cell surface by
interacting between themselves and a large variety of
transmembrane and cytosolic proteins and participate in

Recipient cell & Membrane receptor

& Ligand-bound membrane receptor

... Cytosolic proteins
Macropinocytosis
‘}hb‘f? Cytosolic RNAs

. Multivesicular endosome
. containing intraluminal
) vesicles

Exosomes
Internalization

Lysosome containing
degraded organelles

Fusion

Figure 1. Sequential steps necessary for exosome-mediated communication. Intralumenal vesicles (ILV) are formed after the invagination
of the multivesicular endosome membrane. These ILVs are loaded with specific cargo originated from the plasma membrane and/
or the cytoplasm (A). Notice that the internal face of an ILV membrane corresponds to the cytoplasmic face of the endosome limiting
membrane, and the ILV is loaded with cytosolic components. Upon fusion of the MVE with the plasma membrane (B), ILV are secreted as
exosomes (C). Exosomes can be lost (D) or taken up by target cells (E) by fusion, or internalization mediated by surface molecules or by
macropinocytosis. Additional abbreviation: ESCRT, endosomal sorting complex required for transport.
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vesicular traffic (Levy and Shoham, 2005). Although this field
is quite speculative to date, exosomes from all cell types are
enriched in tetraspanins, thus they are plausible candidates to
mediate selective cargo recruitment into these vesicles.

The sorting process of protein complexes into ILVs is
a highly regulated mechanism. Most proteins secreted by
exosomes derive from parent cell membranes, the cytosol or the
Golgi, but rarely the endoplasmic reticulum or mitochondria.
Some of the proteins sorted into ILV participate in antigen
presentation (MHC-I, MHC-II), cell adhesion (integrins), cell
structure and motility (actins, tubulin, myosin, etc.), stress
regulators (heat shock proteins 70 and 90), metabolic enzymes
(b-enolase, peroxidases, pyruvate kinase) proteins of ESCRT
machinery, proteins of the signalling cascade (kinases),
tetraspanins (CD9, CD63, CD81, CD82), proteins involved
in transcription and protein synthesis (histones, ribosomal
proteins, ubiquitin), and proteins involved in trafficking and
membrane fusion (Rabs, annexins) (Lakkaraju and Rodriguez-
Boulan, 2008). Additionally, cytosolic proteins remain in
the lumen of exosomes and those derived from the plasma
membrane remain in the vesicle membrane, maintaining the
same topology they had in the cell, with potential roles in
sequestering soluble ligands (Pan et al., 1985; Thery et al., 2009).

Although exosomes were originally described in 1980’s,
interest in these vesicles was renewed in recent years when
exosomes were reported to contain functional mRNA and
microRNA (Valadi et al.,, 2007). The functional consequences of
transfer of genetic material include the induction, amplification
and /or modulation of immune responses, as well as acquisition
of new functional properties in other recipient cells. For example,
glioblastoma cells carrying EGFRVIII mRNA have been shown to
stimulate tubule formation in endothelial cells and proliferation
of glioblastoma cells, thereby promoting acquisition of the
angiogenic phenotype and metastatic abilities (Skog et al., 2008).
Exosomes have been shown to be highly enriched in defined
mRNA species compared to their distributions in the donor cell
(Skog et al., 2008). This fact supports the existence of a sorting
mechanism, but it has not been characterized so far.

Exosomes contain not only proteins and nucleic acids
but also a specific lipid composition; they are rich in
cholesterol, sphingomyelin and ceramide; and they also exhibit
phosphatidylserine (Thery et al., 2009). Interestingly, bioactive
lipids such as prostaglandins are also sorted into exosomes
(Subra et al., 2010). ExoCarta —a free to use web-database of
proteins, RNA and lipids identified in exosomes— has been
compiled and reveals molecules that are more often found
in exosomes and those that are specific to certain cell types
(http:/ /www.exocarta.org) (Mathivanan and Simpson, 2009).

In conclusion, the effort to characterize the composition
of exosomes has been largely successful but the data on a
mechanism to recruit the cargo have been meager. This shows
a clear need to characterize the interactions between proteins,
lipids and RNAs that allow specific cargo packaging into
exosomes.

3. Secretion of exosomes

The secretion of exosomes has been described both in vivo and
in vitro as a non-conventional secretory mechanism (Nickel,
2005). As mentioned above, once the MVEs fuse with the
plasma membrane, ILVs are secreted as exosomes (Fig. 1C).
Electron microscopy analysis of exosomes show a cup-shaped

morphology and a size between 40-120 nm (Simons and
Raposo, 2009). Exosomes have been isolated in vitro but also in
vivo in bodily fluids such as blood, urine, breast milk, amniotic
fluid, malignant ascites, bronchoalveolar lavage fluid and
synovial fluid (Record et al., 2011).

Exosomes are released both constitutively and in a
regulated manner. For example, B cells secrete detectable
levels of exosomes only following the activation of a cell
surface receptor (Saunderson et al., 2008) while most tumor
cells constitutively secrete exosomes (Record et al., 2011).
Importantly, distinct subpopulations of exosomes are secreted
from polarized cells; apical and basolateral exosomes (Tauro
et al., 2012). This indicates that exosome secretion can be even
more complex, since a different mechanism may coexist in the
cell to target exosome release to the appropriate membrane.

Intracellular calcium is a physiological second messenger
in the secretion of exosomes (Savina et al., 2003; Faure et al.,
2006). In murine macrophages, dendritic and neuroblastoma
cells, activation of P2X, receptors (purinergic receptor P2X)
by ATP increases intracellular calcium and also secretion
of exosomes (Qu et al., 2009; Emmanouilidou et al., 2010).
Pharmacological elevation of intracellular calcium also induces
exosome secretion in cortical neurons, oligodendrocytes and
erythroleukemia cells (Savina et al., 2003; Faure et al., 2006;
Fruhbeis et al., 2012), which confirms the role of calcium as
second order messenger. Together with a cytosolic calcium
increase, the expression of Rabll GTPase is needed for
exosome secretion in erythroleukemia cells in vitro (Savina
et al., 2005). In fact, calcium dependent-exosome secretion
is enhanced when cells with low endogenous levels of the
Rabl1l are manipulated to overexpress this GTPase (Savina
et al., 2005). Although the direct link between calcium and
Rabs is missing, two other Rab proteins have been implicated
in the fusion of MVE membrane to the plasma membrane
of mammalian cells. For example, Rab35 is involved in
the secretion of myelin protein-enriched exosomes in
oligodendroglial cells and Rab27a/b but not Rab1l mediates
MVE transport and docking to the plasma membrane in HeLa
cells in vitro (Hsu et al., 2010; Ostrowski et al., 2010). Finally,
in the motor nerve endings of the fly D. melanogaster exosome
secretion is regulated by Rabll but not by Rab27 or Rab35,
while secretion of vesicles loaded with neurotransmitter
required Rab3, which suggests a specific pathway for exosomes
(Koles et al., 2012). These results reflect the variety of secretory
pathways during exosome formation within a cell and in
diverse cell types (Koles et al., 2012). Collectively, calcium
and specific Rab GTPases participate in the fusion of MVEs to
the plasma membrane as a step in the secretion of exosomes.
Taken together, this evidence indicates that exosome secretion,
besides being constitutive, is also regulated.

Eukaryotic cells have developed elaborate mechanisms
of quality control within their classical ER/Golgi-dependent
secretory pathway. It is likely that a quality control is also
operating in the exosome pathway. However, the molecular
machinery involved in the transport of MVEs to the plasma
membrane, their docking and fusion to release exosomes is
poorly understood.

4. Exosome uptake by recipient cells

Once in the extracellular space, exosomes may be eliminated
(Fig. 1D). This fate is illustrated by their presence in urine
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(Miranda et al., 2010). The biological significance of this
elimination, if any, has not been explored. By contrast,
exosomes have important effects on target cells (Fig. 1E).
Interaction of exosomes with target cells follows two
alternatives; endocytosis of the whole vesicle or and/or fusion
with the plasma membrane. Membrane vesicles of all cellular
origins express adhesion molecules on their surface, which
could favor their endocytosis by recipient cells (Record et
al., 2011). For example, surface molecules such as integrins,
tetraspanins and phosphatidylserine in exosomes form
complexes with cell surface molecules and participate in the
attachment of exosomes, as studied in dendritic cells (Thery
et al., 2009). In these cells, the whole exosome is internalized
and sorted into recycling endosomes and then through late

endosomes/lysosomes (Morelli et al.,, 2004). Co-incubation of
exosomes and dendritic cells with specific antibodies to block
various adhesion molecules reduces exosome internalization
by these cells (Morelli et al., 2004). By this mechanism,
dendritic cells process and then present to T lymphocytes
peptides derived from the internalized exosomes. Alternatively,
exosomes can be selectively internalized by macropinocytosis,
a mechanism where macromolecules are taken by actin-
membrane ruffles, and that does not necessarily depend
on receptor-ligand interaction (Fitzner et al., 2011). On the
other hand, fusion of exosomes has been shown to be a lipid-
dependent process, in which a high content of sphingomyelin/
ganglioside GM3 in exosomes is responsible for the increased
fusion efficiency in tumor cells (Parolini et al., 2009), while

TABLE |

Representative findings of functional effects of exosomes in eukaryotes

Organism Exosome source Effect References
Protists Dictyostelium Exosomes-like vesicles are secreted by D. (Kriebel et al. 2008; Lavialle et al. 2009)
discoideum discoideum migrating cells and coordinate cell
migration. These vesicles have been proposed
for drug carriers in cancer therapy.
Leishmania Exosomes deliver parasite cargo into host cells (Silverman et al. 2010; Bayer-Santos et al. 2012)
donovani, and modulate the immune response.
Trypanosoma cruzi
Fungi Histoplasma Fungal species secrete extracellular vesicles with (Albuquerque et al. 2008; Rodrigues et al. 2008)
capsulatum, similar composition to exosomes. These vesicles
Cryptococcus are involved in host-pathogen interactions.
neoformans
Plants Sunflower seeds, Isolation and characterization of exosomes from (An et al. 2007; Regente et al. 2009)
barley leaves seed and leaved fluids.
Animals Caenorhabditis Polarized secretion of morphogens mediated by (Liegeois et al. 2006)
elegans exosomes.
Drosophila Wnt morphogens secretion during development. (Korkut et al. 2009; Beckett et al. 2012; Gross et al. 2012)
melanogaster

Mammalian cells

Antigen presenting capacity

Exosomes contain mRNA and microRNA that
can be transferred

to other cells where they are functional.
“Trojan horses” for pathogens propagation:
— Prions
- Virus
- Bacteria
Spread of neurodegenerative diseases.
Antitumoral effects.
Pro-angiogenic, pro-metastasic.
Biomarkers for cancer diagnosis and prognosis.
Future therapy models.

Tolerogenic pre-transplantation and anti-cancer
vaccines

First functional effect: (Raposo et al. 1996)
Others: (Mittelbrunn et al. 2011; Huan et al. 2012)
First antecedent: (Valadi et al. 2007)

Others: (Lasser et al. 2011; Gallo et al. 2012)

— (Fevrier et al. 2004; Vella et al. 2008)
— (Barreto et al. 2010; Lenassi et al. 2010)
- (Yang et al. 2012)
(Emmanouilidou et al. 2010; Saman et al. 2012)
(Zhang et al. 2011; Lv et al. 2012)
(Al-Nedawi et al. 2008; Peinado et al. 2012)
(Skog et al. 2008; Miranda et al. 2010; Khan et al. 2012)
(Alvarez-Erviti et al. 2011; Zhuang et al. 2011)

(Hartman et al. 2011; Rountree et al. 2011; Viaud et al.
2011; Li et al. 2012)
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cholesterol-rich microdomains are necessary for dendritic cell
exosome fusion with target cells (Montecalvo et al., 2012).

In any case, an important unanswered question in the field
is how exosomes deliver their intralumenal content into the
cytosol of the recipient cells.

5. Effect of exosome cargo on recipient cells

Since the discovery that exosomes participate in the cascade
of antigen presentation (Raposo et al., 1996), this novel
mechanism of intercellular communication has been implicated
in various essential processes such as development (Korkut et
al., 2009), immune responses (Thery et al.,, 2009), cancer and
tumor metastasis (Peinado et al., 2012), and in the transmission
of infectious agents like prions and viruses (Fevrier et al., 2004;
Lenassi et al., 2010). Table I provides an overview of the most
relevant findings of exosome functional effects in eukaryotes
to date. It is worth mentioning that studies on exosomes
other than mammalian cells are scant but still support the role
of exosomes as a conserved mechanism of communication
throughout evolution.

Finally, exosomes are promising tools to target drugs or
biological material to specific cells across different biological
barriers (O’Loughlin et al., 2012; Pant et al., 2012). For example,
Alvarez-Erviti et al. (2011) obtained neuronal-targeted
exosomes from genetically modified dendritic cells in vitro and
loaded them with specific siRNA. After intravenous injection,
these exosomes loaded with siRNA knocked down their target
gene in brain neurons (Alvarez-Erviti et al.,, 2011). Thus, the
possibility to deliver agents in a specific manner to defined
target cells opens a wide avenue of research, even to overcome
important challenges such as biological barriers, or tolerance to
vesicles by using those derived from patient cells.

CONCLUSION

In this review we illustrate the sequential steps for exosome-
mediated communication and compile the evidence supporting
this role in eukaryotes. Although exosomes have been
described in many cells from a wide variety of organisms,
many important gaps remain concerning their formation
cascade and their physiological relevance. Addressing
these questions implies important challenges, such as the
development of sensitive techniques to purify these nano-
vesicles from small volumes of fluids and to determine
precisely how and with what types of cells exosomes interact
in vivo. The disclosure and growth of this research area will
help to address these issues and lead to major advances in
understanding exosomal functions as means for cell-to-cell
communication.
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ABSTRACT

Asthma studies suggest that alteration in the inflammation pattern may be associated with the severity of asthma. The aim of this study
was to compare in vitro the expression of chemokines, chemokine receptors and cytokine production from CD4+ T human lymphocytes
of asthmatic, both obese and non-obese patients with different severity levels of asthma. Lymphocytes were labeled with monoclonal
anti-human CXCR3/IP-10, MIP-1a/ CCR5 antibodies and were analyzed by flow cytometry. Cell culture supernatants were used to
measure production of interleukin IL-6 and resistin by ELISA. CXCR3/IP-10 expression increased in non-obese patients with mild persistent
asthma (2.2%, p<0.05), moderate persistent asthma (3%, p<0.003) and severe persistent asthma (4%, p<0.004); this effect was stronger in
obese patients with severe persistent asthma (35%, p<0.004). MIP-1 o / CCRS5 increased in non-obese patients with intermittent asthma
(0.65%, p<0.05) and severe asthma (1.4%, p<0.03); in obese patients, this expression was greater in intermittent asthma (8%, p<0.05) and
severe persistent asthma (12%, p<0.04). Resistin production strongly increased in obese patients with intermittent (976 ng/ml) and severe
persistent asthma (795 ng/ml). IL-6 increased in both lean and obese persons; however, the highest value was registered in the group of
severe persistent obese asthmatics (992 pg/ml). Obesity per se increased the inflammatory profile of chemokines / cytokines secreted by
cells of the blood, increasing the inflammatory status in asthmatic patients. Resistin showed characteristics of a pro-inflammatory cytokine

mainly in severely obese asthmatics.

Key Words: Asthma classification, severity, chemokines (MIP-1a, IP-10), CC chemokine receptors (CXCR3, CCR5), interleukin-6, resistin.

INTRODUCTION

Allergic asthma is caused by a complex interaction among
different types of immune cells in the airways. After exposure
to the allergen, different cells such as alveolar macrophages,
adipocytes, lymphocytes and eosinophils secrete different
interleukins (IL)-6, -10, -4 and IL-13). These cytokines activate
an inflammatory cascade and attract chemokines (IP-10,
MIP1-« etc.) to activate chemokine receptors such as CXCR3
and CCR5, a crucial process of cellular infiltration in the lungs
(Huber et al., 2008). Chemokines that cause inflammation
include inhibitory protein 10 (IP)-10, also known as CXCL-10,
macrophage inflammatory proteins 1a and 1f (MIP-1 a-1 3
or CCL3); these bind to CXCR3 and CCRS5 respectively, and
the chemokines that inhibit inflammation, such as monocyte
chemoattractant protein 3 (MCP-3) or CCL7 and I-139 bind
to CCR4 or CCR8 respectively (Barnes, 2000). Many of these
mediators are synthesized and secreted by fat tissue cells,
which cause an increase in the inflammatory response to the
allergen in these patients (Fantuzzi, 2005). Resistin, a mediator
also known as specific secretor factor in adipose tissue, is
involved in insulin resistance induced by obesity and diabetes.
Several studies have shown that resistin in humans, in
contrast to its production by adipocytes in mice, is synthesized
predominantly by mononuclear cells, both within and outside
adipose tissue; it facilitates cellular infiltration and increases
the width of fat tissues (Tilg and Moschen, 2006; Steppan, et
al., 2001; Curat et al., 2006). Some studies in humans have
failed to confirm the relationship between the circulating

levels of resistin and the body mass index (BMI) and its role in
insulin sensitivity (Bastard et al., 2002; Fasshauer and Paschke,
2003). However, some studies have reported increased resistin
levels in overweight subjects and type 2 diabetes (McTernan
et al., 2002; Vidal-Puig and Orahilly, 2001). Resistance to a
cortisone-based treatment seems to be a failure in inhibiting
cytokine production by lymphocytes, suggesting that different
inflammatory cytokines which are associated with chemokines
and chemokine receptors in the airways may be present in
patients with different degrees of severity of asthma (Shannon
et al., 2008). Asthma and obesity are public health concerns that
have high impact and an increasing prevalence in recent years
(Shore, 2007, 2008). Prospective studies have demonstrated that
obesity is a risk factor for the development and exacerbation of
asthma, and a positive correlation between body mass index
and the development of asthma has been observed (Segura et
al., 2007).

Other studies have shown that severe asthma has a higher
prevalence in overweight patients compared to normal
weight patients and that body mass index (BMI) is positively
associated with clinical asthma severity. In addition, patients
with more severe asthma have higher BMI than those
with milder asthma (Saint-Pierre et al., 2006). Obesity has
mechanical effects on lung function; it leads to a systemic pro-
inflammatory status, thereby potentially increasing airway
inflammation, and is associated with a number of co-morbid
factors which might interfere with asthma control. Obesity
does not cause airflow obstruction, but can result in pulmonary
restriction and reduction in airway diameter, which could
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contribute to airway hyper-responsiveness. Mouse asthma
models have demonstrated that obesity and cytokines can
enhance airway hyper-responsiveness, airway inflammation
and allergic responses, but it is unclear whether obesity-
associated inflammatory mechanisms are relevant in human
asthma (Beuther, 2009). The aim of this study was to compare,
in vitro, the expression of chemokines, chemokine receptors
and cytokine production by peripheral blood lymphocytes
from healthy subjects and patients with different severity of
asthma, with or without obesity.

METHODS
Subjects

All patients and volunteers gave their written informed
consent for interviewing and blood sampling. The study
was conducted according to the recommendations of the
Declaration of Helsinki and approved by the local Ethics
Committee. The sample consisted of fifty asthmatic patients,
diagnosed with allergic asthma according to The Global
Initiative for Asthma (GINA, 2008), which establishes a
practical system of classification considering clinical and
functional aspects such as frequency of diurnal and nocturnal
respiratory symptoms and lung function; their combination
allows us to classify asthma severity as: a) intermittent
asthma, in which the main symptoms of breathlessness of
varying intensity and duration, bronchial spasms, cough,
mucus secretions, and wheezing occur less than once a week,
maximum volume exhaled in the first second of a forced
expiration (FEV,) equal to or greater than 80% of predicted
with less than 20% variability, b) mild persistent asthma, which
consists of symptoms that occur at night, more than once a
week, FEV, greater than or equal to 80% of predicted with
lower variability of 20-30%, c) moderate persistent asthma,
with exacerbated symptoms that affect activity and sleep and
with the use of short-acting p2 agonists on a daily application,
FEV, from 60 to 80% of predicted with greater than 30%
variability, and d) severe persistent asthma, with daytime and
nighttime symptoms that are frequently exacerbated and the
use of short-acting 32 agonists with daily application, FEV,
less than or equal to 60% of predicted with greater than 30%
variability. We included clinical symptoms, spirometry and
skin prick tests. In addition, we applied the following criteria:
a) inclusion; age between 18 and 65 years for both sexes, obese
and non obese (14 obese men and 12 women, 10 non-obese
men and 14 women, 12 healthy subjects), residents of the
metropolitan area of Mexico City, b) exclusion; patients with
pulmonary diagnosis other than allergic asthma, history of
immunotherapy in the past year, history of immunodeficiency
or autoimmune diseases, smoking history and / or patients
who have cooked with wood, confirmed pregnancy, who have
used topical or systemic antihistamine-based therapies within
two weeks prior to entering the study , who have received
astemisol within the last two months prior to the execution
of the skin prick test for mites, the presence of hives or
dermographism, asthma attacks at any stage and residence less
than a year in Mexico City. Patients were divided into three
groups according to their body mass index (BMI) following
the guidelines established by the World Health Organization
(WHO) (Pauwels et al., 2001): obesity (BMI = 30 kg/m?), and
non-obese (BMI < 30 kg/m?) and healthy. After the taking the

blood sample, the patients were treated with a combination
therapy based on mometasone / formoterol (260 ug) (Merck,
California., USA) and oriented to control environmental
factors (dust, pollen, cigarette smoke etc) that trigger asthma
exacerbation. Healthy non-smoking subjects without obesity,
hypertension, diabetes, or any other metabolic symptoms were
used as controls.

Isolation of mononuclear cells from healthy subjects and patients with
asthma

Fifteen ml of venous heparinized blood were obtained from
asthmatic patients, both obese and non-obese, and healthy
non-smoking adult volunteer donors (n= 62) of both sexes. The
blood was diluted 1:3 with phosphate buffered saline (PBS; 0.15
M phosphate buffer). Blood was layered over 3 ml of Ficoll-
Hypaque (Sigma Chemical Co., St. Louis, Missouri, USA) with
gradient (8 = 1.077) and centrifuged at 1500 rpm for 30 min at
21 °C (Boyum, 1968). The cellular interface peripheral blood
mononuclear cells (PBMC) were collected and washed twice
with PBS. Cell viability was determined using Trypan blue dye
(Sigma Chemical Co., St Louis, MO); exclusion was = 90%.

Cell culture

Lymphocytes (5 x 10%) were incubated for 24 h at 37 °C, 5%
CO, without stimulation in 24-well plates with RPMI-1640
medium supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, 100 U/ml streptomycin, 5 ug/ml gentamicin and
1 mM sodium pyruvate (Gibco Laboratories, Grand Island,
NY). Cells were harvested and centrifuged at 1500 rpm. The
cell culture supernatants were collected and stored at -70 °C
until use.

Cell Purification

The cellular interface peripheral blood mononuclear cells
(PBMC) were removed and washed two times with PBS. CD4+
T cells were purified using the CD4+ T cell isolation kit II,
as an indirect magnetic labeling system for the isolation of
untouched CD4+ T cells from human PBMCs (Miltenyi Biotec,
Germany), and LS column and MidiMACS separator. Briefly,
1 x 107 PBMC cells were placed in propylene tubes with 80 ul
PBS-albumin-EDTA and 20 ul cocktail of biotin-conjugated
antibodies against CD8, CD11b, CD16, CD19, CD36, CD56,
CD123, TCRy/d and CD235a (Glycophorin A) and were
incubated for 10 min at 4 °C. These cells were subsequently
labeled magnetically with Anti-Biotin MicroBeads for
depletion. The CD4+ lymphocytes obtained were 95% pure.
Acquisition of 10,000 events was conducted in flow cytometry
FACSaria (BD Biosciences, Palo Alto, CA). For analysis Cell
Quest software, version 3.1 (Becton Dickson, San Jose, CA) was
used.

Immunofluorescent staining for chemokine and chemokine receptors

Lymphocytes were stained with monoclonal anti-human
anti-MIP1a, anti- CCR5 or anti-IP-10, anti-CXCR3 antibodies
coupled to fluorescein isothiocyanate (FITC) or phycoerythrin
(PE), respectively. Unconjugated isotype-matched control
monoclonal antibodies were detected using anti-mouse IgG1-
FITC or -PE antibodies (PharMingen, San Diego, CA, USA).
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Briefly, 5 X 105 CD4+ T cells from each group were incubated in
24-well plates for 24 h; after incubation, cells were centrifuged
for 5 min at 400 g and supernatants were aspirated without
disturbing the pellets. Cells were washed with PBS/0.5%
albumin/2mM EDTA. They were then marked with mAb
and incubated for 20 min at 4 °C in the dark, and fixed with
1% p-formaldehyde (Sigma Chemical Co., St. Louis, MO)
according to the manufacturer’s instructions (PharMingen).
Acquisition of 10,000 events was conducted in flow cytometry
FACSaria (BD). For analysis, FACS Diva 6.1 software was used
Miltenyi, et al., 1990.

Quantification of resistin and 1L-6

Resistin and IL-6 in the cell culture supernatants were
measured using commercially available enzyme-linked
immunosorbent assay kits (ELISA) (Peprotech®, Rocky Hill,
NJ).

Statistical analysis

The statistical analysis was performed using the SPSS®
software, version 14.0 (SPSS Inc., Chicago. Illinois, USA) and
MS Excel 2007. Quantitative data was expressed as mean
and standard deviation (SD). Statistical comparison among
groups was performed using the Mann-Whitney U tests.
Differences were considered as statistically significant when
p<0.05. The relationship between in resistin production and
the in IL-6 production were analyzed using normal distribution
histograms with confidence intervals of 95%.

RESULTS
CXCR3 and IP-10 expression

CXCR3 and IP-10 expressions were compared among obese
and non-obese patients with with different degrees of severity
of asthma (intermittent, mild persistent, moderate persistent,
and severe persistent asthma), as well as with healthy subjects.
In non-obese patients, CXCR3 and IP-10 expressions were
not significantly different in intermittent asthmatic compared
to controls (healthy subjects); this expression, however,
increased gradually in patients with mild persistent asthma,
moderate persistent asthma and severe persistent asthma,
with statistically significant differences among groups (2.2%,
3% and 4% respectively; p< 0.004 ) (Fig. 1a). In obese patients
with intermittent asthma, mild persistent asthma, moderate
persistent asthma and severe persistent asthma CXCR3 and
IP-10 were significantly over-expressed (19%, 16%, 13% and
35% respectively; p<0.04) compared to healthy subjects and
non-obese patients (Fig. 1b). Meanwhile, the expression was
significantly lower in moderate persistent obese asthmatic
(13%, p< 0.05) and was the highest for obese patients with
severe asthma (35%, p<0.001) (Fig.1b).

MIP-1o.and CCRS5 expression

The expression of MIP-1o. and CCR5 in non-obese asthmatic
patients was significantly increased in patients with
intermittent asthma and severe persistent asthma (0.6% and
1.4%, p< 0.05 and p< 0.03 respectively) compared to healthy
subjects. Expression levels in mild persistent asthmatic and

moderate persistent asthmatic were lowest (0.3% and 0.4%,
p<0.04 and p<0.05 respectively) as shown in Figure 2a. MIP-1x
and CCR5 expressions in obese, asthmatic patients increased
significantly (8%, 6%, 7% and 12%, p< 0.04 respectively) in
all groups compared to healthy subjects (Fig. 2b). There were
considerable differences in the severe persistent asthmatic
group (12%, p< 0.04) compared to other groups (Fig. 2b). We
also observed over-expression of MIP-1ac and CCR5 in obese
patients compared to non-obese patients.

Production of cytokines IL-6 and resistin in obese and non-obese
asthmatics patients compared to healthy subjects

The concentration of resistin strongly increased in obese
patients with intermittent asthma and severe persistent asthma
(976 ng/ml and 795 ng/ml, respectively) (Fig. 3). Therefore,
there was an increase in the production of resistin in obese
patients compared to lean patients: Intermittent 976 vs. 190
ng/ml, moderate persistent 480 vs. 378 ng/ml and severe
persistent 795 vs. 612 ng/ml; except for the lean subjects
with mild persistent asthma 715 vs. 417 ng/ml as shown in
Figure 3. All obese patients, regardless of the degree of their
disease, showed high levels of IL-6 compared to lean patients:
intermittent asthma (742 vs. 600 pg/ml), mild persistent
asthma (776 vs. 552 pg/ml), moderate persistent asthma (902
vs. 712 pg/ml) and severe persistent asthma (992 vs. 839 pg/
ml) (Fig. 3).

DISCUSSION

The coordinated expression and binding of chemokines to
their receptors seem to be differentially regulated in specific
stages of asthma. In this study, CXCR3/ IP-10 and CCR5/
MIP-1a were overexpressed in obese patients with severe
persistent asthma, which is in agreement with the reported of
Brasier (2008) in patients with severe persistent asthma who
underwent bronchoalveolar lavage.

We also showed that obesity per se increased the
inflammatory status of asthmatic patients, probably due to the
chemotactic effect of chemokines secreted by the blood cells
of asthmatics. Additionally, cell activation may modify the
expression of chemokines and chemokine receptors, which,
in alternate fashion, are essential for leukocyte recruitment
during inflammation. Once activated, T lymphocytes acquire
different migratory capacities and are, in fact, the key factor
for an efficient immune-response regulation. Interestingly, we
found an association between increased expression of CXCR3
/ IP-10 and severity of disease in non-obese asthmatic patients,
while in obese patients increased expression of these markers
was only observed in intermittent obese asthmatics and obese
individuals with severe persistent asthma. The classification
of asthma severity was very useful to us to relate the different
levels of asthma severity to the expression of inflammatory
markers studied; however, asthma, as a chronic inflammatory
disease shows variations in clinical manifestations and the
degree of airflow obstruction, so its severity may change over
time in the same patient, indicating that not all inflammatory
markers correlate with levels severity of asthma, as reported in
the intermittent asthma group, especially in obese patients.

The elevated expression of these molecules in humans
in primary and more severe stages of the disease had not
been previously reported. We show that higher BMI scores
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Fig 1: Expression of IP-10 and CXCR3 in lymphocyte populations obtained from healthy subjects, non-obese patients with
asthma and obese patients with asthma

Five x 105 CD4+ lymphocytes were obtained from human peripheral blood (a) non-obese and (b) obese patients with intermittent, mild
persistent, moderate persistent and severe persistent asthma and healthy subjects. The cells were isolated by the method of Béyum and
purified to CD4 + T cells by the negative selection technique and were cultured for 24 h. They were stained with fluorochromo-conjugated
(FITC or PE) anti human IP-10 and CXCR3 monoclonal antibodies. 10,000 events were analyzed by flow cytometry. The quadrants were set
with the isotype control (FITC or PE-conjugated mouse 1gG). Bold histograms and numbers in the dot plots represent the mean = SD of
positively stained cells from at least six independent experiments. The statistical differences between the groups were calculated using the
Mann-Whitney U test. p <0.05 was considered significant.
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Fig 2: MIP1 o and CCR5 expression in lymphocytes from peripheral blood

Five x 10° CD4+ lymphocytes were obtained from non-obese and obese patients with intermittent, mild persistent, moderate persistent
and severe persistent asthma and healthy subjects and were cultured in 24-well plates in a humidified chamber at 37 °C and 5% CO, for
24 h. Cells were stained with fluorochromo-conjugated (FITC or PE) anti human MIP 1-a and CCR5 monoclonal antibodies. At least 10,000
events were analyzed by flow cytometry. Black bars and bold numbers in the dot plots represent the mean = SD from five independent
experiments. The quadrants were set with mouse 1gG isotype control. The statistical differences between the groups were calculated using
the Mann-Whitney U test (p <0.05).
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and elevated CXCR3/IP-10 expression levels (up to 9 times)
are associated with increased asthma severity added to the
condition of obesity. These findings highlight the importance
of controlling theinflammation taking into account the role
of obesity and it provides support for the assumptions that
obesity-induced inflammation may contribute to greater
asthma severity. The strong correlation between CXCR3
expression and Th1l differentiation led us to the hypothesis,
subsequently verified in mouse models, that CXCR3 and its
ligands regulate the migration of Thl cells into sites of Thl-
driven inflammation (Lin et al., 2011); it also correlates with a
study in which the expression of CXCR3 and its ligand IP-10
(CXCL10) was induced by IFN-y in mice challenged with an
allergen in the lung (Gangur et al., 1998). High levels of IP-
10 and CXCR3 have been reported in co-cultured cells in the
presence of INF-y in patients with chronic obstructive disease.
IP-10 differs from other chemokines in its apparent specificity
to activate T lymphocytes. We believe that it is also relevant in
regulating the production and synthesis pattern of cytokines.
These data imply that CCR5 and CXCR3 could be a potent
therapeutic target of asthma for inhibiting the recruitment of
T-cells to the airways.

Some limitations of the study deserve further discussion.
To identify cells that express on their cell surface characteristic
inflammatory markers we have often used invasive techniques
such as bronchoalveolar lavage fluid, which was not performed
in this study. Based upon the principle that cells migrate
selectively to the inflammatory focus through chemokines and
their receptors, a peripheral blood sample is less painful for the
patient. In addition, the chemokine system in vivo is extremely
redundant due to the large number of different chemokines,
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the overlap in chemokine function and the pleiotrophy of
chemokine-receptor interaction. One of the challenges in
this field is to identify which receptors play major roles in
specific inflammatory conditions. The current findings suggest
that the Th2-linked (CC) receptors are not the only potential
targets for asthma therapy. The Thl-linked (CC) receptors,
especially CCR5 and CXCR3, may also be valid targets. It
was demonstrated that these markers play an important
role in migratory behavior of peripheral blood T cells and
influence the activation of T helper cells; however, we must be
cautious in extrapolating these results to other population of
lymphocytes such as CD8+ T cells and regulatory T cells.

The levels of many cytokines and other mediators may be
elevated in obese patients and many be involved in systemic
inflammation, such as interleukin 6, TNF-a, and reactive C
protein. Our data showed high concentrations of resistin and
IL-6 in overweight asthmatic patients compared to healthy
individuals, consistent with what has been reported in the
literature (Bokarewa et al., 2005). In a previous study it was
demonstrated that an increase in resistin is associated with the
severity of asthma, which results in an increased expression
of adhesion molecules such as VCAM-1 and ICAM-1, as well
as pro-inflammatory cytokines IL-6 and TNF-a, which trigger
damage (Mondragén-Gonzalez et al., 2007). IL-6 also activates
Bl-integrin, which is a component of the VLA-4 complex and
the ligand for fibronectin and VCAM-1, and thereby could
influence cell attachment (Clahsen and Schaper, 2008). In this
study, a strong increase in resistin and IL-6 levels was observed
in obese patients with severe persistent asthma, while in
thin patients with the same disease the production of these
cytokines was significantly lower. Generally in overweight
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Fig 3: Resistin and IL-6 production by lymphocyte cells obtained from healthy subjects, lean patients and obese patients with

different levels of severity of asthma

Cell culture supernatants were analyzed by ELISA to determine IL-6 and resistin production. The bars represent the average of three
independent experiments in each group and the healthy subjects (control group). Quantitative data were expressed as normal distribution

histograms with confidence intervals of 95%.
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or obese individuals a considerable increase in adipocytes
occurs, which increases IL-6 and resistin levels, and these
in turn activate endothelial cells to stimulate migration of
leukocytes and accumulation of leukocytes in the fatty adipose
tissue. Under these conditions the increase in fatty tissue and
expression of inflammatory cytokines contribute to the chronic
inflammatory status, and they are characteristics of obesity.
We observed this phenotype in intermittent asthma and severe
asthma patients compared to the other asthma groups and
healthy subjects. The production level of resistin in obese
intermittent patients was elevated.This may be because resistin
behaves as a prototype inflammatory cytokine, favoring the
inflammatory process, and it also may have an additive effect
with the inflammation that affects obesity. In lean patients the
increased production of resistin was observed in patients with
moderate persistent asthma and severe persistent asthma; of
severity exacerbation of clinical symptoms was present at these
levels. The relation between high concentrations of resistin and
asthma severity obtained in our study agrees with the results
obtained in in vivo studies (Mishra et al., 2007), in which it was
found that resistin and IL-13 cause inflammation in airways
and pulmonary remodeling in the lung of mice, resulting in
the deposit of perivascular and peribronchial collagen fibers.
Additionally, IL-6 and resistin could be induced by different
allergens independent of Th2-cells, with biological and
clinical adverse effects in patients with exacerbated asthma
(Wolpe et al., 1998). In obese patients there is a condition of
chronic systemic inflammation, which also means that if they
have asthma, it is more severe than in lean persons and is
difficult to control. In this study we found that the greater the
overlap of groups, for example in severe persistent asthmatic
obese it was poorer its final clinical status. In addition, obese
asthmatics, regardless of the degree of severity of the disease
showed high levels of IL-6, compared to healthy and non-obese
patients. Hence there is a direct relationship between obesity,
production of IL-6 and resistin, and cells migrating from the
bloodstream the to inflammatory focus. We have previously
reported that asthmatic patients with a BMI = 30 had a high
concentration of leptin, especially women. In the current study,
we showed that concentrations of IL-6 and resistin, together
with obesity, can be considered as indicators of asthma severity.

CONCLUSION:

Obesity per se increased the inflammatory profile of
chemokines / cytokines secreted by cells of the blood by
increasing the inflammatory status of asthma. Resistin shows
characteristics of a pro-inflammatory cytokine, mainly in
severely obese asthmatics. Chemokine receptors and their
ligands, such as CXCR3/IP-10 and CCR5/MIP-1a, should be
considered key inflammatory molecules in obese patients with
different levels of asthma severity.
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The monthly rhythm of incidence and age at menarche: thirty five
years of research. The circa-vacation-study expectancy rhythm of

incidence and age at menarche

Carlos Y. Valenzuela

Programa de Genética Humana, ICBM, Facultad de Medicina, Universidad de Chile, Independencia 1027, Casilla 70061, Santiago, Chile

ABSTRACT

The hypothesis that the vacation-study-expectancy scholar regime produces most of the monthly rhythm of the age at menarche (AaM)

was tested. Studies on monthly menarche incidence (MI) refuted climatic factors as a main factor in this rhythm, and indicated that the
main factor of this rhythm is the succession of expectancies of study (Stu-months) or vacation (Vac-months) months within a year. Thus the
hypothesis of seasonal circa-annual rhythm should be modified to the circa-[vacation (fiesta)]-[study (non-fiesta)]-expectancies rhythm for
the MI and age at menarche annual rhythms. In several countries Vac-months had higher MI than Stu-months. The high MI of Vac-months
was followed by a large decrease when girls started their studies and a MI increase occurred as vacations approached. The hypothesis
proposes that at the end of vacations and at the beginning of the study period the AaM should be lowest, and then the mean of AaM should
increase because of the menarche delay of girls whose menarche was arrested by the initiation of school work. This pattern was found in
four independent samples, from Chile, Colombia, USA and Brazil. The probability that this result be due to random fluctuation of means is
extraordinarily low (P<10®). I conclude that the influence of the expectancy of vacation and study periods on the monthly rhythm of the age

at menarche is a real process that accounts for most of this rhythm.

Key terms: age at menarche, annual rhythm, circa-vacation-study-expectancy rhythm, fiesta expectancy, menarche incidence

INTRODUCTION

In the early 1970s I undertook a longitudinal follow up study
on human growth and development. This study was part of
an international program coordinated by the International
Center for Childhood (UN) whose main office was in Paris. The
program included studies in USA, Europe, South America and
Africa. Prof. Nathalie Masse, the Director of this Center, said
that the monthly rhythm of menarche incidence was probably
not due to climatic factors, because in her experience with the
circa-annual monthly rhythm of menarche incidence (MI) the
winter (Dec-Jan) peak of menarche often seen in the Northern
Hemisphere was present as a summer peak in the Southern
Hemisphere (Africa). She suggested performing the analysis
in Santiago (Chile, Southern Hemisphere) to see whether
this summer peak of MI was also present. We found peaks
of menarche incidence in December (Dec), January (Jan) and
February (Feb) (Patri et al., 1980) and a striking relationship
with the month of birth and conception (Valenzuela et al 1991,
1993) showing non-climatic factors acting on this rhythm. By
climatic factors is meant photoperiod, temperature, humidity,
cloudiness and any other climatic factor. Then we worked in
a multinational group with samples from Hungary, Colombia,
India and Chile, with a wide hypothetic-deductive research
to elucidate the main factors of the menarche rhythm. To
refute seasonality our method assumed: 1) the consistent
antithetical expectancies that should necessarily be found
between Northern and Southern Hemispheres; 2) the marked
differences in climatic conditions between equatorial, tropical,
temperate, Arctic and Antarctic and polar earth zones; 3) the
similarities of MI that should be found in months of the same
season; 4) the marked or antithetical differences that should

be found in MI of months belonging to antithetical seasons
(summer and winter) and the similarities that should be found
in months of different seasons with similar climatic conditions
(autumn and spring); 5) the similarity of the rhythm that
should be found in regions with the same latitude, altitude and
geographical conditions. With all these expected situations we
refuted conclusively the seasonality of the circa-annual rhythm
of ML for example: 1) marked rhythms were found in samples
from tropical or equatorial zones where the rhythm was not
expected (Chennai in India and Medellin in Colombia); 2) in
all the examined samples strong differences were found among
months of the same season or with the same photoperiod and
temperature; it was frequent to find a peak of MI followed by
a trough of MI in contiguous months (Valenzuela et al., 1996a,
1996b, 1999; Valenzuela 2004, Valenzuela 2006); 3) samples
from contiguous regions belonging to different countries show
different MI rhythms. One of the most striking differences
in the menarche incidence (MI), between Hemispheres was
found in Feb, with a peak in Santiago (summer) and a trough
in Europe (winter, Valenzuela et al. 1991, 1993, 1996a, 1996b).
This could be produced by climatic factors, but this is refuted
because in most countries of Europe, Jan and Dec (winter
months as Feb) showed a peak, but Feb showed a trough. In
Santiago we observed for Dec-Jan-Feb a peak-peak-peak series,
in Europe a peak-peak-trough series. This correlated very well
with the quality of months being a vacation (Vac) or a study
(Stu) month; in Santiago a Vac-Vac-Vac series and in Europe a
Vac-Vac-Stu series occurred for Dec-Jan-Feb, respectively. This
discovery was realized independently by Prof. Csoknyay in
Hungary, Prof. Srikumari in India, Prof. Pineda in Colombia
and by our group in Santiago, because in the four countries
Stu-months and Vac-months showed lower and higher MI,
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respectively (Valenzuela et al., 1996a, 1996b, 1999). We decided
to test the hypothesis that Stu-months and Vac-months
implied low and high MI, respectively. With four samples
from Chennai (ancient Madras, India), Debrecen (Hungary),
Medellin (Colombia) and Santiago (Chile) we found only 5
out of 48 months that disagreed with the hypothesis, thus
the agreement was highly significant (P<10%, Valenzuela et
al., 1999). We hypothesized that vacations associated with
fiesta (or relaxation) expectancy elicited menarche and that
study, associated with non-fiesta (or stress) expectancy,
delayed (inhibited) menarche. This does not mean only the
relationship with the school-vacation-study period, but with
the socio-cultural yearly periodicity that involves students,
workers, travelers and most human annual activities. This
seems to explain the preliminary conclusion of Nakamura
et al. (1986) in Japan that there was not a relationship of the
secular changes in the monthly rhythm of MI and secondary
school periods. They found annual rhythms with peaks in Apr
and Aug since 1891 until now, and a third peak in Jan since
1960. They argued that by 1900 around 1% of girls attended
secondary school after the age of 12. From our perspective,
this is a premature conclusion because there is the possibility
that general social vacations used to coincide with primary
school vacations, but no data was provided to test this
hypothesis. Also, the two described peaks maintained for more
than 90 years agree well with social vacation-work periods.
We postulated that the “annual expectancy” or a “long term
expectancy” of a “climate” of celebration was the “zeitgeber”
(http:/ /en.wikipedia.org/wiki/Zeitgeber) “time giver” or
“synchronizer” of the MI annual rhythm, and not the seasonal
climate (Valenzuela et al., 1999; Valenzuela, 2004). Thus the
following test was to examine the days of celebrations (feasts)
for the girls in Medellin and Santiago for which we knew the
holidays or, more precisely the days of fiesta. Very significant
peaks of MI were found for the birthday and fiesta days that
were significant for girls, but not for holidays without special
significance for them (a revision of specific days is found in
Valenzuela, 2004, where the memory bias was also tested and
refuted) or in current holidays of the week (Saturday and
Sunday), which did not show a peak of menarche (Valenzuela,
2004).Thus we discarded definitively the refuted hypothesis
of the circa-annual seasonal monthly MI and worked with
the circa-[vacation (fiesta)]-[study (non-fiesta)] expectancies
rhythm as the primary cause of the circa-annual menarche
rhythm. This hypothesis proposes that the calendar rhythm
of general vacation (fiesta) — study (non-fiesta) lived by girls,
year by year since their birth (or even prenatally, remember
that the hypothesis proposes a general vacation-study rhythm
for everybody not only for girls having menarche) generates
a circa-annual rhythm of expectancies of fiesta-non-fiesta that
leads to increase MI by the expectancy of a fiesta-period and
to stop or delay menarche by the expectancy of a non-fiesta
period. Vacation months are associated with a high increase of
MI and study months with a trough of MI.

With this in mind, the hypothesis of influence of the fiesta-
vacation versus non-fiesta-study on the age at menarche was a
logical expectancy. Previously, the age at menarche was related
to the season (Gueresi, 1997), but since the relationship found
was rather for vacation-study periods, the study of MI and age
at menarche according to seasons blurs the relationship of MI
with Vac-Stu months and hides the true origin of the menarche
rhythm. It seems that our refutation of the seasonal factors

presented as early as 1991 (Valenzuela et al., 1991, 1993) was
not accepted by researchers working in this field. Matchock
et al. (2004) insisted on seasonal factors as the cause of the
MI rhythm. Their data show several conclusive refutations of
seasonal or climatic factors. They found that May and July (one
month before and after the summer solstice, respectively, with
similar photoperiod and temperature) had a significant trough
(p<0.001) and peak (p<0.0001) of menarche, respectively.
Also, they found that Jan and Feb, two winter months, had
a significant peak (p<0.01) and trough (p<0.01), respectively.
These facts refute conclusively the climatic or seasonal
hypothesis; but they agree perfectly with our Vac-Stu fiesta-
non-fiesta hypothesis. If Dec-Jan are months with vacations as
well as Jul-Aug, and Feb (or including middle-end Jan) and
Jun (or including beginning-middle Jul) is a month of study,
as we know, in general, from the USA vacation-study calendar,
the results of Matchock et al (2004) fit perfectly our vacation-
study hypothesis. To better understand our hypothesis on
the circa-vacation-study age at menarche, let us work with
the Chilean school rhythm. In Dec, Jan and Feb (Vac-months)
higher MI were found, but in Mar (first Stu-month) a fall in the
incidence occurs. This lower incidence continues until Jun; it
begins to increase until Dec, where a peak is again observed.
The expected annual rhythm of the age at menarche is easy
to predict from such a rhythm of incidence. In Mar until Jun
lower means of menarche age should be observed (menarche
refractory to study delay); the monthly mean should increase
from Jun to Dec (the delayed menarche during the Stu-months)
as the Vac-months approach. This pattern was seen in Santiago
(temperate zone S Hemisphere), Medellin (equatorial zone,
N. Hemisphere) and Riberdo Preto (Brazil, temperate zone,
S. Hemisphere) and published previously (Valenzuela 2004,
2006). The present study intends to test formally the hypothesis
of the influence of Stu-months and Vac-month on the age at
menarche. The expectancy of studies can delay menarche but
it cannot suppress it definitively. Soon or later, according to
the impressionableness (in face of the expectancy of fiesta or
non-fiesta) of each girl, menarche is going to occur. Those girls
that should have had menarche in a certain month (due to
their natural sexual maturation) and were delayed by studies
(stress) are going to have it in the following months at a higher
age of menarche.

RATIONALE, DATA METHODS AND STATISTICS
Rationale

After examining data on the monthly MI we found that the
monthly incidence rhythm accounted for the relationship
of menarche and the condition Stu-month (low incidence)
or Vac-month (high incidence). By assuming that the study
regime decreases the MI and delays menarche of susceptible
girls, we proposed a hypothesis on the monthly rhythm
of the age at menarche (Valenzuela, 2006). The hypothesis
proposed that the last month(s) of the long vacation period
(with a high MI) and the following Stu-months (with a low
MI) should present the lowest means of the age at menarche.
In the last Vac-months no more delayed girls are present and
in the initial Stu-months only refractory girls for the factors
that delayed menarche menstruate at the earliest ages. In
the following Stu-months the low incidence and mean age
of menarche are maintained or grow slowly, but a tendency
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to increase the mean age at menarche should be seen until
a Vac-month, where a higher incidence of menarche should
be observed with a high mean of menarche age (induction
of delayed menarche). This increase in the menarche age
occurs in the initial Vac-months until all the delayed girls
have their menarche; at this point a dramatic fall in the age
of menarche should be observed, conserving the high MI that
is the characteristic of Vac-months. The expected random
monthly incidence of menarche was calculated as the quotient
between the number of days of each month and 365.25 (Feb
= 28.25 days). As pointed out in the Introduction, our studies
showed that it was not properly the fiesta period or holidays,
but rather the expectancy of fiesta or holidays is the factor
that increases the MI. It was evident that the environment or
circumstances related to the expectancy of fiesta (relaxation
or reward) or non-fiesta (stress or unwanted situation) could
impress strongly the neuro-psycho-endocrine system, so
as to change the age of circa-vital events such as menarche
(Valenzuela et al., 1999; Valenzuela, 2004, 2006). I think that
the expectancy of the event, and not necessarily the event
itself was the cause of the rhythm, because of the left-biased
bell shaped distribution of menarche around the event.
This precluded a recruitment distribution where menarche
increases its incidence in the previous days (or weeks or
months) of the event (Vac-months) and decreases drastically
after the event (Valenzuela et al., 1999; Valenzuela, 2004, 2006).
We have called the factor of the rhythm fiesta as a preliminary
approach. We do not know whether entering school is a stress
factor, but I use this term in a colloquial mode, leaving its
demonstration for further research. Hard work is necessary
to discover the specific neuro-psycho-endocrine factor. It is
important to remark that in Chile the two weeks of winter
vacation often occurs in July, but it is not a fixed period; it is
defined year to year and it may range from the last week of
June to the first week of August. Thus, the winter vacation
in Chile cannot produce a clear expectancy of fiesta as fixed
holidays or vacations can. We found a strong confirmation of
this condition examining MI in the Christian celebration of
the Holy Week that is variable in the calendar year to year; as
expected the Holy Week did not have a menarche peak (not
published). The midyear vacations in Medellin (Colombia),
Riberdo Preto (Brazil) and in USA (mid-Atlantic states,
Matchock et al., 2004) are fixed periods of vacation, thus the
fiesta-expectancy for the mid-year vacation does really occur.

DATA AND METHODS

Published data of age at menarche from Santiago, Chile (two
samples, 1978 and 1990-1), Medellin, Colombia (1990) and
Riberao Preto, Brazil (1998) were studied (Tavares et al., 2000,
2004; Valenzuela, 2006). The condition of Vac-month or Stu-
month is in these cited articles. The monthly incidence and the
mean age at menarche in a calendar month were indicated as
over (+) or under (-) the expected incidence or the total mean
age, respectively. Months were classified as Vac-month if they
had a week or more of vacation days, when it was indicated
in the literature or if it was considered as a Vac-month by the
authors; otherwise it was considered as a Stu-month. A more
recent sample from USA was included (Matchock et al., 2004);
however, this study did not present the age at menarche for
each month but the result of the analysis clustering months by
season.

STATISTICS

The agreement and disagreement with the hypothesis, given
in the Rationale, was indicated for each month by (+) and
(-), respectively and a sign test was applied to calculate the
statistical significance, under the binomial expected probability
of 0.5 for (+) and 0.5 for (-) signs. Since the condition of
agreement and disagreement may be difficult to evaluate for
a reader who does not know the hypothesis, an example is
developed. Feb in Santiago is the last summer Vac-month, thus
according to the hypothesis it should present a high MI (Vac-
month) but a low mean age at menarche because it happens
after two months of vacations where all the delayed girls have
had their menarche. If this is found in Santiago a + sign is
given to Feb; however, Feb in Medellin (Colombia) or Riberdo
Preto (South Brazil) is the first school month, after the Dec-Jan
vacations so it should present a low MI and a low mean age at
menarche. In this example the MI is mentioned to orient the
reader, but it was tested in previous articles, thus in the present
analysis only the expected mean age at menarche was used to
assign the agreement or disagreement with the hypothesis.

RESULTS

The agreement and disagreement with the hypothesis is shown
in Table 1 for samples from Santiago (1978 and 1990) and in
Table 2 for samples from Medellin (1990) and Riberdo Preto
(1998). In Table 2 a sample from the mid-Atlantic states of USA
(Matchock et al., 2004) is included to test the agreement of MI
with the sample from Medellin, because the samples from the
Northern Hemisphere share a very similar pattern of vacation-
study regime and coincide in having the National Day in July
(4% for USA, and 20 for Colombia). However, the samples
differ completely in the climatic conditions. While in the Mid-
Atlantic States of USA there are four clearly demarked seasons,
in Medellin, an equatorial city with eight solar seasons, an
“eternal” spring occurs. Differences between the samples also
agreed with differences in vacation-study condition of months.
Dec in Medellin showed the second peak of MI, but it did
not show a significant increase in MI in USA; this also agrees
with the hypothesis because in Medellin Dec is a full vacation
month, but it is a partial vacation month in USA. Also, the mid-
year vacation in Medellin includes days of Jun and finishes
in Jul (at the 20™ Jul National Day), but the midyear vacation
in USA begins in Jul and finishes in Aug; we see a shift
toward Aug in the USA sample in relation to Medellin. In the
comparison of samples from Medellin and USA a significant
correlation was found for the MI (r = 0.6869; p = 0.014).

In Santiago, in 1978 Mar was a Vac-month and in 1990-1
it was a Stu-month; Sep was Stu-month in 1978 and Vac-
month in 1990-1. The standard deviation is missing in the
Brazilian sample, so the standard error could not be calculated.
The standard error is important because the agreement-
disagreement with the hypothesis is interpreted between two
consecutive months by their significant difference (more than
two standard errors) in the MI (previous analyses) or in the
mean age at menarche. The Brazilian sample is rather small,
so a large variance and standard error are expected in the
monthly incidence of and mean age at menarche, this implies
that the tendency of the monthly mean of the age at menarche
cannot be precisely evaluated as it can in the other samples.
In the Chilean and Colombian samples there was a complete
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TABLE 1

Incidence, mean age at menarche and agreement or disagreement with the hypothesis of the influence of the vacation-study condition on
the age at menarche. Chilean girls from Santiago sampled in 1990-1 and 1978 (Valenzuela et al., 1999; Valenzuela, 2006).

Age at menarche in months

Chilean sample 1990-1991 Chilean sample 1978
MONTH N % IS MAM SE MS AHY N % 1S MAM SE MS AHY

JAN v 415 12.9 + 148.5 0.82 - + 362 13.9 + 150.6 0.85 - +
FEB \% 497 15.4 + 148.3 0.67 - + 344 13.2 + 149.6 0.90 - +
MAR S 238 7.4 - 149.1  0.94 - + 223 8.5 + 151.1  1.04 - +
APR S 141 4.4 - 150.5 1.24 - + 160 6.1 - 150.1 1.33 - +
MAY S 142 44 — 150.8 1.22 - + 140 5.4 - 147.9 1.34 - +
JUN S 184 5.7 - 149.7 1.10 - + 187 7.2 - 149.9 1.06 - +
JUL v 250 7.8 - 151.3 0.88 - + 163 6.2 - 151.5 1.13 - +
AUG S 221 6.9 - 153.6 0.98 + + 180 6.9 - 152.9 1.13 + +
SEP \% 283 8.8 + 151.6 0.88 + + 181 6.9 - 152.6 1.15 + +*
OCT S 234 7.3 - 153.8  0.90 + + 186 7.1 - 153.0 1.15 + +
NOV S 224 7.0 - 155.8  0.88 + + 184 7.0 - 155.0  1.12 + +
DEC v 396 12.3 + 155.6 0.71 + + 302 11.6 + 157.7 0.78 + +
Total 3225 100 151.4 0.26 2612 100 151.9 0.31

MONTH =V (vacation), S (Study); N = number; IS = incidence sign: + = over the expected monthly incidence; - under the expected monthly incidence; MAM = mean
age at menarche; SE = standard error; MS = MAM sign; + = mean over the total mean; - = mean under the total mean; AHY = agreement (+) or disagreement (-) with
the hypothesis. * In 1978 September was not a vacation month.

TABLE 2

Incidence, mean age at menarche and agreement or disagreement with the hypothesis of the influence of the vacation-study condition on
the age at menarche. Samples from Medellin (Colombia, Valenzuela et al., 1999) and Riberao Preto (Brazil, Tavares et al., 2004). Monthly
incidence of menarche in a USA sample (Matchock et al., 2004).

Age at menarche in months

Medellin sample (1990) USA Brazilian sample (1998)

MONTH VS N % IS MAM SE MS AHY N \& N % Is MAM* MS AHY
JAN \% 334 9.7 + 147.9 0.75 - + 274 \% 45 9.8 + 148.0 - +
FEB S 207 6.0 - 146.8 0.97 - + 160 S 35 7.6 - 144.3 - +
MAR S 208 6.1 - 148.1 0.97 - + 209 S 41 8.9 + 147.0 - +
APR S 246 7.2 - 147.8 0.83 - + 232 S 28 6.1 - 151.0 + -
MAY S 229 6.7 - 148.8 0.94 - + 171 S 40 8.7 + 148.7 - +
JUN \Y 253 7.4 - 152.0 0.96 + + 256 S 42 9.1 + 150.2 + +
JUL \% 559  16.3 + 148.7 0.65 - + 331 \% 38 8.3 - 149.4 + +
AUG S 188 5.5 - 149.0 1.18 - + 240 S 39 8.5 + 150.0 + -
SEP S 177 52 - 149.9 1.04 + + 193 S 25 5.4 - 147.3 - +
OoCT S 231 6.7 - 151.3 0.89 + + 183 S 28 6.1 - 149.1 - +
NOV \% 322 9.4 + 151.4 0.85 + + 224 S 33 7.2 - 152.0 + +
DEC \% 481 14.0 + 152.3 0.65 + + 223 \% 66 14.4 + 152.7 + +
Total 3435 100 149.7 0.25 2696 460 100 149.4

Nomenclature as in Table 1. MAM* = mean without standard error.
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agreement with the hypothesis (36 months). In the Brazilian
sample only two months disagreed with the expected situation.
Thus in the total 48 months we found two disagreements,
this occurs with probability P = 4.27x1072. As proposed in
the Rationale, one of the most relevant expected results of the
hypothesis is the fall in the mean age at menarche between the
first month of vacations (long vacations), when a great number
of girls with delayed menarche had it, and the last month
of vacations or the first month of study. If we observe the
mean age at menarche (in months) at Dec and February (both
months belong almost to the same season) the opportunity for
a contrast is optimum. This is an additional refutation of the
climatic genesis of the rhythm; among the four samples we
have: Chile 1978, Dec = 157.7, Feb = 149.6 (dif = 8.1 months,
P<107); Chile 1990-1, Dec = 155.6, Feb = 148.3 (dif = 7.3, P<10
8); Colombia 1990, Dec = 152.3, Feb = 146.8 (dif = 5.5, P<107);
Brazil 1998, Dec = 152.7, Feb = 144.3 (dif = 8.4, the probability
cannot be calculated because the standard deviation is not
known, but this difference is surely significant, because the
standard deviation in all the samples is near 14 months).

In complete agreement with our hypothesis, and in
disagreement with the seasonal hypothesis, the USA sample
showed a late menarche for girls having it in Dec and an early
menarche in girls having it in Feb (Matchock et al., 2004).

DISCUSSION

It is important to remember that this hypothesis was proposed
after seeing the distribution of the monthly incidence of
menarche (MI). Thus there is no possibility of a circular
epistemological procedure when we studied the age at
menarche. We confirm that the beginning of studies delays
menarche in some girls, who are going to have it some months
later when Vac-months approach. This result was observed in
the four samples (and in the USA sample, as far as MI and age
at menarche in Dec and Feb are concerned); when the vacation
period is coming there is an increased number of girls having
menarche at older ages. This occurs at midyear in Medellin and
Riberdo Preto (and it is expected for USA) with fixed vacations
in the middle of the school period. The pattern of MI has been
also found in India and Hungary (and in USA as described),
thus we can conclude that this is a very probable true cultural-
biotic relationship. We confirm our proposition that this is not
a seasonal circa-annual rhythm, but a circa-[vacation (fiesta)]-
[study (non-fiesta)] expectancies rhythm that is a systematic
periodicity repeated year after year, caused by socio-cultural
events with deep significance for girls. The decay of the age
at menarche from 5.5 to 8.4 months between December and
February, in the four samples (and in the sample from USA, but
without published values) is an extraordinary biotic process;
this decay shows that the cultural-expectancy of important
events for girls is a factor comparable to deep under nutrition
(Leenstra et al., 2005), highly competitive physical training
(Vadocz et al., 2002) or near 50 years in the secular trend
of menarche age (Nakamura et al., 1986; Vecek et al., 2012;
Woronkowicz et al. 2012).

Unfortunately the Brazilian sample is too small to study the
influence of the daily MI or for a precise study of differences
in the monthly MI (large standard errors), and the two
disagreements with the hypothesis could be due to random
fluctuations. It is possible that some fiesta periods are not
described in the article, as for example in April and around

July-August. Also, the USA study (Matchock et al., 2004) did
not provide figures for monthly means of menarche with which
a fine test of our hypothesis could be done. However, Dec and
Feb agree perfectly with our hypothesis as far as the authors
informed qualitatively in the article.

These studies uncover important socio-cultural effects on
the neuro-psycho-endocrine system. It is probable that boys
are also submitted to such fiesta-expectancy influences, for
example growth or sexual development could be accelerated
in vacations in relation to the study period; we made some
observations in the longitudinal follow up study, but these
were not formalized or published. Unfortunately, studies
are performed in relation to seasons and this does not
allow answering this question. Our study provides a solid
framework for psycho-somatic, bio-socio-cultural, socio-
endocrine and bio-psycho-anthropological studies. We
point out one of these important socio-cultural-endocrine
interactions. Dec 8 is a very important religious (Catholic)
fiesta. Colombia and Chile are mostly Catholic countries
in which the 8 Dec is a holiday and highly celebrated.
However, while in Colombia Catholic girls receive often the
first communion (an important family fiesta) on this day,
the Catholic Church discontinued this practice in Chile. In
Colombia several days presented significant accumulation of
menarche; among them 8 Dec presented the highest significant
peak of ML, but in Chile the MI on 8 Dec was not significantly
different from any other day of December (Valenzuela, 2004).
Again, we emphasize that it is not the first communion that
elicits menarche (in the girl that receives it), but the expectancy
of a national and familial fiesta that elicits menarche in girls of
these families who are in the time of their first menstruation.
Our study reveals that living year by year highly affective-
emotional cultural rhythms imprints dynamically the brain so
as to condition deeply the neuro-psycho-endocrine axis that
is compelled to follow these rhythms. Some cultural elements
such as religious or national festivities are shown to have more
psycho-endocrine influences than previously expected.
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Regional density of glial cells in the rat corpus callosum
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ABSTRACT

Axons and glial cells are the main components of white matter. The corpus callosum (CC) is the largest white matter tract in mammals;

in rodents, 99% of the cells correspond to glia after postnatal day 5 (P5). The area of the CC varies through life and regional differences
related to the number of axons have been previously described. Whether glial cell density varies accordingly is unknown; thus the aim of
this study was to estimate glial cell density for the genu, body and splenium -the three main regions of CC-, of P6 and P30 rats. Here we
report that the density of CC glial cells reduced by ~10% from P6 to P30. Even so, the density of astrocytes showed a slight increase (+6%),
probably due to differentiation of glioblasts. Interestingly, glial cell density decreased for the genu (-21%) and the body (-13%), while for the
splenium a minor increase (+5%) was observed. The astrocyte/glia ratio increased (from P6 to P30) for the genu (+27%), body (+17%) and
splenium (+4%). Together, our results showed regional differences in glial cell density of the CC. Whether this pattern is modified in some

neuropathologies remains to be explored.

Key words: Astrocytes, corpus callosum, genu, glial cells, splenium

INTRODUCTION

The corpus callosum (CC) is the main white matter tract in
the brain and is involved in interhemispheric communication.
This commissure is composed of axons and glial cells, while
neuronal somata make up less than 1%. After postnatal
day 5 (P5), glial cells predominate, accounting for 99% of
all cells (Sturrock, 1976; Aboitiz & Montiel, 2003). The size,
myelination, and density of fibers in callosal subregions are
related to the brain regions they connect (Doron & Gazzaniga,
2008). Thus thin unmyelinated fibers are most dense in the
genu and splenium (anterior and posterior CC), where they
connect association and prefrontal areas, while large diameter
myelinated fibers are concentrated in the midbody of the
CC, where they connect primary and secondary sensory and
motor areas (Aboitiz, 1992). Interestingly, electron microscopic
analysis revealed that the number of callosal axons increases
from 4.4 million at birth to 11.4 million at P5 and this number
is maintained until the adult stage in rats (P60) (Gravel et
al.,, 1990), although the number of axons of the visual cortex
projecting through the splenium of the rat CC decreased by
15% from P15 to P60 (Kim & Juraska, 1997). On the other hand,
myelination in the CC starts with non-compacted cytoplasmic
sheaths of myelin at P12, and each oligodendrocyte sheathes an
average of 13 axons. Later, when the compact myelin is formed,
a single oligodendrocyte sheathes, on average, 15 axons (P17)
(Bjartmar et al., 1994). Considering all this information, CC
regions might differ in glial cell density. Interestingly, it is not
known if the glial cell density increases or remains constant
through development, or if the distribution of glial cells and the
astrocyte/glial cell ratios are different among different regions
of the CC. Therefore, the aim of this study was to estimate
glial cell densities in the CC at two ages (P6 and P30) and to
determine if there are differences among callosal regions.

MATERIAL AND METHODS
Histology

Six female rats per age group (P6 and P30) were anesthetized
with an overdose of sodium pentobarbital (100 mg/Kg) and
then decapitated. Whole brains were removed rapidly and
dissected on ice. The hemispheres were separated and fixed
with 4% paraformaldehyde in phosphate buffered saline (PBS,
0.1 M, pH 7.4) for 24 h and then transferred to 30% sucrose in
0.1 M PBS at 4 °C for cryoprotection. Sagittal sections (30 wm;
two consecutive from the right hemisphere and one the from
left hemisphere = 3 slides per animal) were obtained using
a freezing cryostat and collected on gelatinized slides for
staining with propidium red to estimate glial cell number (Fig.
1 and 2).

Immunohistofluorescence

Cryosections were blocked in PBS containing 1% bovine
serum albumin, 1% goat serum, and 0.1% Triton X-100 for 1
h and labeled overnight at 4 °C with a 1:500 dilution of anti-
glial fibrillary acidic protein (monoclonal mouse anti-GFAP,
Milipore, USA). After incubation with the primary antibody,
samples were rinsed 3 times in PBS and labeled for 1 h at
room temperature with a 1:500 dilution of Alexa 488 goat anti-
mouse antibody (Invitrogen, USA). Finally, slides with sagittal
sections containing the CC were washed 3 times with PBS,
stained with propidium red and mounted with Vectashield
(Vector laboratories, Inc, USA). Slides were examined with
an epifluorescence microscope (Olympus BX60) coupled to a
digital camera (Olympus DP70). Image-Pro MC for Windows
was used for estimation of glial cell density. A Zeiss LSM
510 Meta confocal microscope (Zeiss, Gottingen, Germany)
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was used for confocal images, with wavelength 488 nm for
excitation of Alexa 488 and propidium red. The emission
wavelengths were 519 nm and 610 nm respectively. The z-stack
images (4 to 5 consecutive confocal sections of 512 x 512) were
obtained every 5 um with stack size of X: 450 um and Y: 450 um
and processed in Aim Image Examiner.

Glial cell counting

The population of cells immunostained by the GFAP antibody
was contrasted with the number of propidium red-labeled
nuclei for each slide and each CC region. Data analysis
(counting) was performed using Image J software 1.41 (NIH,
National Institute of Health, Bethesda, Maryland, USA).

A test square grid of 0.01 mm? in each section was used
to estimate the number of propidium red-stained cell nuclei
equivalent to the total number of glial cells including GFAP*
cells corresponding to astrocytes (only process-bearing cells
showing their soma in the plane of the section were counted).
Six randomly chosen fields (as indicated in Figs. 1D and 2D)
were counted by progressive displacement of the test square
grid. The astrocyte / glial cell ratio results from the estimation

‘l

-

PN6 / GFAP

of the GFAP+ cells divided by the total number of glial cells
labeled with propidium red. Data are presented as the mean
+ standard error of the mean (S.E.M.) and nonparametric
statistics were performed with the Mann-Whitnney-U test; p <
0.05 was considered significant.

RESULTS
The pool of glial cells is reduced from P6 to P30

Our estimations of glial cell density began at P6 because the
nuclear counts could be related to the estimation of glial cell
number (99% after P5; Sturrock, 1976); P30 (considered as an
adult stage) was selected for comparison. We found that the
number of glial cells decreased from 1880 + 45 / mm? (P6) to
1672 + 27 / mm? (P30) (p = 0.00012, Fig. 3). On the other hand,
the number of astrocytes (GFAP" cells) showed a + 7% increase,
from 135 + 1.4 / mm? at P6 to 144 + 1.59 / mm? at P30 (p <
0.0001; Fig. 3). These results indicate that the pool of glial cells
of CC is reduced and that a fraction of glioblasts differentiated
into astrocytes between P6 and P30.

Figure 1. The rat corpus callosum (CC) at P6. A, Sagittal sections of the rat brain were immunostained for GFAP (18 slides from 6 brains;
3 per brain) and propidium red. The CC was dissected in 3 regions: genu (G), body (B) and splenium (S) for estimation of glial cell density
(n = 18 per region). Other brain regions are indicated for anatomical reference: hippocampal CA1 region (CA1), caudate-putamen (CPu),
hippocampal dentate gyrus (DG), lateral ventricle (LV). Arrows showing anatomical orientation: dorsal (D), ventral (V), anterior (A) and
posterior (P). B, Zoom of the square in A to show astrocytes from CC, notice the radial projections of astrocytes. C, Zoom of the square in
B to highlight radial glia (arrow). Scale bars 200 pm (A), 80 pm (B), 20 pm (C). D, The representative sites ( * ) used for estimation of glial
cell density are highlighted in a diagram of CC. Three slides containing sagittal sections of CC where used for each brain and each region of
CC included 2 selected sites per slide for estimations (6 sites per region, per rat brain).
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Figure 2. The rat corpus callosum (CC) at P30. A, Sagittal sections of
the rat brain were immunostained for GFAP and propidium red (18
slides from 6 brains; 3 per brain). The CC was dissected in 3 regions: - '&' 2000 **
genu (G), body (B) and splenium (S) for estimation of glial cell density

(n = 18 per region). Other brain regions are indicated for anatomical et
reference: hippocampal CA1 region (CA1), caudate-putamen (CPu), ==
hippocampal dentate gyrus (DG), lateral ventricle (LV). Arrows showing -
anatomical orientation: dorsal (D), ventral (V), anterior (A) and E
posterior (P). B, Zoom of the square in A to show fibrous astrocytes =
from CC, notice that radial projections of astrocytes observed at P6 2
are absent at P30. C, Zoom of the square in B to highlight fibrous o
astrocytes (arrow). Scale bars 250 pym (A), 80 pm (B), 20 pm (C). D, 100 2
The representative sites ( * ) used for estimation of glial cell density are o
highlighted in a diagram of CC. Three slides containing sagittal sections E
of CC where used for each brain and each region of CC included 2 S 1000,
selected sites per slide for estimations (6 sites per region, per rat brain). %
o
3
Glial cells are more abundant in the genu o
The size, myelination, and density of fibers in callosal
subregions are related to the brain regions they connect (Doron
& Gazzaniga, 2008). We estimated glial cell density to be
greater in the genu at P6 (2319 + 32 / mm?) than in the body or
splenium (1616 + 14 / mm? and 1704 + 14 / mm?, respectively;
p < 0.0003) (Fig. 4A). A similar pattern was observed at P30, =
but here glial cell density of the splenium was closer to that P6 P30 P6 P30
of the genu; glial cell density in the genu was 1824 + 8 /
mm?, whereas for the body and splenium there were 1405 + 9 Figure 3. Estimation of glial cell density for rat CC at P6 and P30.
and 1788 + 13 cells / mm?, respectively (p < 0.001) (Fig. 4B). A, The number of astrocytes per area (mm2) increased from P6

(n=52) to P30 (n=53). B, The number of glial cells decreased from
P6 (n=53) to P30 (n=54). The estimation included all the regions
of rat CC. Data are mean = S.E.M. (**p < 0.001).

Therefore, we found a higher density of glial cells in the genu
than in the body or splenium, at both P6 and P30.
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The glial cell density reduces from P6 to P30 in the genu and body

Our next step was to compare regional glial cell density between
P6 and P30. The results showed that glial cell density was
reduced in the genu (-21%; from 2319 + 32 / mm? (P6) to 1824 +
8 / mm? (P30); p<0.0001) and in the body (-18%; from 1616 + 14
/ mm? (P6) to 1405 + 9 / mm? (P30); p<0.0001). Interestingly, the
splenium showed a different pattern because a slight increase in
glial cell density was observed (+5%; from 1704 + 14 / mm? (P6)
to 1788 £ 13 / mm? (P30); p=0.001) (Table 1).

Astrocyte density increases from P6 to P30

Astrocytes increased in number in the genu (+6.8%; from 147
+2 / mm? (P6) to 157 + 2 / mm? (P30); p= 0.006), the body
(+4.6%; from 128 £+ 1 / mm?2 (P6) to 134 + 2 / mm? (P30);
p=0.0209) and the splenium (+9.2%; from 130 + 1 / mm? (P6) to
142 +2 / mm?(P30); p<0.0001) (Table 1).

We then estimated the astrocyte / glia ratio at P6 and P30,
based on GFAP immunoreactivity and nuclear staining. We
consider that this ratio is a more accurate estimation because
it considers the glial cell density, which varies among CC
regions. Our estimations showed that the astrocyte / glia ratio
increased by + 27% for the genu (from 0.0637 + 0.0014 to 0.0858
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Figure 4. Regional glial cell density in rat CC at P6 and P30. The
genu showed the highest density of glial cells among regions, at
P6 (A; n=17 per region) and P30 (B; n=18 per region). Data are
mean * S.E.M. (** p < 0.0001; ** p < 0.001, * p < 0.05).

+ 0.0008; p<0.0001), +17% for the body (from 0.0794 + 0.0008
to 0.0951 + 0.0014; p<0.0001) and +4% for the splenium (from
0.0766 + 0.0008 to 0.0793 + 0.0008; p=0.066) (Fig. 5). Overall,
these results indicate that the density of astrocytes increases
during postnatal development, because a fraction of glioblasts
differentiate to astrocytes before P30.

DISCUSSION

The development of the CC is not homogenous through its
three main regions; the genu, body, and splenium. Different
changes in callosal thickness occur due to axonal myelination,
redirection, and pruning (LaMantia & Rakic, 1990; Luders et
al., 2010). Nevertheless, glial cell density has not been explored
among CC regions during postnatal development. Here, we
report that the pool of glial cells decreased from P6 to P30.
During this period of development, glioblasts (the dominant
cell type in CC at P5) differentiate mainly to oligodendrocytes
and astrocytes (Mori & Leblond, 1970; Sturrock, 1976).
Surprisingly, when the glial cell density was estimated in the
three regions of the rat CC, we found that glial cell density was
greater in the genu at both P6 and P30 than in the body or the
splenium. The functional significance of the greater density of
glial cells in the genu remains to be investigated.

0.10

Astrocyte / glial cells ratio

0.05

Body

Genu Splenium
Figure 5. Astrocyte / glial cell ratio in rat CC at P6 and P30. The
proportion of astrocytes among glial cells increased significantly
for the genu (n=17) and the body (n=18) (P6 and P30), but not
for the splenium (n=17 (P6) and n=18 (P30)). Data are mean *
S.E.M. (*** p < 0.0001).
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TABLE 1

Regional changes in glial cell density from P6 to P30

31

Astrocytes
Region of CC P6 P30 % of increase P
2
Genu 147 +2 / mm? (n=18) 157+2 / mm +6.80% p =0.006
(n=17)
128 +1 / mm? 134 +2 / mm? B
Body (n=17) (n=18) +4.60% p =0.0209
Splenium 130+ 1 / mm?2 142 +2 / mm? +9.20% <0.0001
pleniu (n=17) (n=18) 20% p<0.
Glial cells
Region of CC P6 P30 % of change P
2319 + 32 / mm? 1824 + 8 / mm? o
Genu (n=17) (n=18) -21.34% p < 0.0001
1616 + 14 / mm? 1405 +9 / mm? .
Body (17) (t18) -13.05% p < 0.0001
. 1704 + 14 / mm? 1788 + 13 / mm? B
Splenium (n=17) (n=18) +4.92% p=0.01
We found that the genu had the lowest astrocyte/glia AKNOWLEDGEMENTS

ratio, with the body and splenium having similar but larger
ratios at P6. However, the splenium had the lowest ratio while
the body had the highest ratio at P30. These results support
the hypothesis that glial cell density varies among regions
of CC. Our estimations can be compared with other studies,
for example, the density of astrocytes (based on GFAP* cells)
that we calculated for the CC (144 cells/mm?2 P30) is similar
to that in other brain regions where astrocyte markers such
as GFAP or S100p have been used (130 astrocytes/mm? and
160 astrocytes/mm?) (Morgan et al., 1995; Ren et al.,, 1992).
Our estimate of astrocytes (6-9% at P30) is slightly lower
than that reported in the CC of rodents using morphological
identification (13-15% at P25-P45) (Sturrock, 1976), which
might be due to some astrocytes that express low levels of
GFAP (Zhou et al., 2000). Accordingly, the astrocyte density
estimated in different brain regions was lower using GFAP
than S100B (Savchenko et al., 2000).

Overall, our results show a regional difference in glial cell
density that could be related to changes in the size of the CC
and the number of callosal axons (Berbel and Innocenti, 1988).
This pattern could be modified when glial cell dysfunction
occurs and white matter integrity is compromised (Tkachev et
al.,2003; Benedetti et al., 2011). Thus, glial cell density could be
affected in specific regions of the CC in some neuropathologies
(Lyoo et al., 2002; Di Paola et al., 2010).

In conclusion, the glial cell density of the CC decreased
while astrocyte density increased between P6 and P30.
This pattern was conserved among the three regions of
CC, except for the splenium where the glial cell density
increased. The genu displayed the highest density of glial
cells, including astrocytes. Further studies are needed to see if
the density of glial cells in the CC is differentially affected in
neuropathologies such as bipolar depression or schizophrenia.
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ABSTRACT

Organophosphate (OP) pesticides such as dichlorvos (DDVP) intoxication has been shown to produce oxidative stress due to the generation
of free radicals, which alter the antioxidant defense system in erythrocytes. In this study, the effects of DDVP (1, 10, 100 uM) or DDVP +
vitamin C (VC; 10 uM) or vitamin E (VE; 30 uM), on the levels of malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPx) activities in human erythrocytes were examined in vitro. There were no statistical differences between all
groups for 1 uM concentration of DDVP. Treatment with DDVP alone produced an increase in the level of MDA and decreased activities

of antioxidant enzymes (P < 0.05). Groups treated with vitamins and DDVP showed protective effects of vitamins against DDVP-induced
changes in antioxidant enzyme activity and lipid peroxidation (LPO) (10 uM). At 100 uM concentration of DDVP vitamins had no effect

on DDVP-induced toxicity. The results show that administration of DDVP resulted in the induction of erythrocyte LPO and alterations in
antioxidant enzyme activities, suggesting that reactive oxygen species (ROS) may be involved in the toxic effects of DDVP. Also the data
show that the plasma level of VC and VE may ameliorate OP-induced oxidative stress by decreasing LPO in erythrocytes at certain doses of

OP pesicides.

Key words: antioxidant enzyme, dichlorvos, oxidative stress, vitamin, malondialdehyde.

INTRODUCTION

Pesticides are occasionally used indiscriminately in large
amounts causing environmental pollution, and therefore
are a cause of concern (John et al.,, 2001). Environmental
pollution by pesticide residues is a major environmental
concern due to their extensive use in agriculture and in public
health programs (Celik and Suzek, 2009). Organophosphate
(OP) pesticides have been detected in the soil, water bodies,
vegetables, grains and other food products (IARC, 1983).
OP insecticides are some of the most useful and diverse
insecticides; they have been in use for almost five decades.
However, the uncontrolled use of these insecticides in
agriculture and public health operation has increased the scope
of ecological imbalance and thus many non-target organisms
have become victims (Celik and Suzek, 2009).

Dichlorvos (DDVP) is an OP that has been in use for
more than 40 years. It has been evaluated in a wide range of
toxicological assays including bioassays for carcinogenicity
and mutagenicity (genotoxicity). The genotoxicity evaluations
have included a wide range of test systems and endpoints
including assays both in vitro and in vivo. There is general
agreement that DDVP is genotoxic in vitro (Booth et al., 2007).
Literature also cites DDVP toxicity to humans which includes
dose-dependent decrease in human erythrocyte cholinesterase
activity and sperm motility based on the urinary concentration
of dimethyl phosphate, a urine metabolite of DDVP (Okamura
et al., 2005).

Recent findings indicate that toxic manifestations induced
by OP may be associated with an enhanced production of
reactive oxygen species (ROS) (Gultekin et al., 2000, 2001;
Durak et al., 2009). Among the ROS, superoxide anions,

hydroxyl radicals and hydrogen peroxide enhance the
oxidative process and induce lipid peroxidative damage
in cell membranes (Altuntas and Delibas, 2002). The cell
has several ways to alleviate the effects of oxidative stress,
either by repairing the damage or by directly decreasing the
occurrence of oxidative damage by means of enzymatic and
non-enzymatic antioxidants. Enzymatic and non-enzymatic
antioxidants have also been shown to scavenge free radicals
and ROS (Gultekin et al., 2001).

As some of the pesticides may be present in tissues of
exposed humans and animals, they may produce oxidative
stress in tissues. Antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase
(GPx) in tissues may neutralize the oxidative stress (Kalender
et al.,, 2004). Non-enzymatic antioxidants such as vitamin
E (VE) and vitamin C (VC) can also act to overcome
oxidative stress, being a part of the total antioxidant system.
a-Tocopherol (the main form of VE) is considered as a major
lipophilic antioxidant (Vatassery, 1998). VE resides mainly in
the membranes and thus helps to maintain membrane stability
(Baker et al., 1996). VC and VE have been shown to possess
anticarcinogenic, anticlastogenic, and antimutagenic properties
in a variety of in vivo and in vitro models of pesticide exposure
(Hoda and Sinha, 1993).

VC (L-ascorbic acid) is hydrophilic and a very important
free-radical scavenger in extracellular fluids, trapping
radicals in the aqueous phase and protecting biomembranes
from peroxidative damage (Harapanhalli et al., 1996). The
anticarcinogenic, anticlastogenic and even antimutagenic
roles of VC have been tested in a variety of in vivo and in vitro
systems exposed to radiation and pesticides (Castillo et al.,
2000; Durak et al., 2009 ). It prevents the increased production
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of free radicals induced by oxidative damage to lipids and
lipoproteins in various cellular compartments and tissues
(Sies et al., 1992). The antioxidative efficiency of VE can be
considerably increased by co-supplementation with VC, which
is a co-antioxidant for VE (Stocker, 1994; Durak et al., 2009 ).

The present study was undertaken to determine the
possible negative effects of DDVP on erythrocytes and
additionally to investigate whether there is any preventive
effect of a combination of plasma level of vitamins C and E in
vitro after DDVP administration.

METHODS
Erythrocyte preparation

Twenty ml venous blood samples were obtained in heparinized
dry tubes from each of six male volunteers (range 21-26
years). All volunteers were healthy, taking no medication,
non-smokers, and none of them were farm or agricultural
workers. Plasma was separated by centrifugation. Erythrocyte
packets were prepared by washing with cold isotonic saline.
After the supernatant was removed, packed erythrocytes
were suspended in phosphate buffer. The concentration of
hemoglobin was determined (Drabkin, 1946).

Treatment of erythrocytes

VC (L-ascorbic acid) was supplied by Carlo Erba (Milano,
Italy). VC was dissolved in distilled water (Konopacka et
al., 1998). VE (DL-a-tocopherol) was supplied by Merck
(Germany). VE was dissolved in corn oil (Kalender et al.,
2007). The doses of VC (10 uM) and VE (30 uM) were chosen
based on the levels of each vitamin in human plasma (Blasiak
and Stankowska, 2001). Other chemicals were supplied by
Sigma-Aldrich. DDVP (1, 10 and 100 uM ) was supplied by
Ankara Agricultural Protection Central. Erythrocytes were
divided into non-treated control and experimental groups.
The control group was incubated in 0.9% NaCl at 7.4 pH. The
experimental group was divided into treatment groups: DDVP
(n=6), VC (n=6), VE (n=6), VC+VE (n=6), DDVP +VC (n=6),
DDVP+VE (n=6), DDVP +VC+VE (n=6) groups. MDA levels
and the activities of SOD, CAT and GPx were measured by
spectrophotometer (Shimadzu UV-1700, Japan).

Antioxidant enzyme assays

CAT enzyme activity was measured according to the method
described by Aebi (1983) by assaying the hydrolysis of H,O,
and the resulting decrease in absorbance at 240 nm. Data
are expressed as UCAT/mg hemoglobin. GPx activity was
measured using H,O, as substrate according to the method
described by Paglia and Valentine (1967) of absorbance at 340
nm. Data are presented as UGPx/mg hemoglobin. Total SOD
activity was determined according to the method described by
Marklund and Marklund (1974) by assaying the autooxidation
and illumination of pyrogallol at 440 nm. Data are expressed as
USOD /mg hemoglobin.

Measurement of MDA levels

MDA content was assayed using the thiobarbituric acid (TBA)
test as described by Ohkawa (1979). Absorbance was measured

at 532 nm to determine the MDA content. Specific activity is
presented as nmol/mg hemoglobin.

Statistical analysis

Data were analyzed by software program SPSS 11.0 for
Windows. Differences were calculated using one-way analysis
of variance (ANOVA), followed by Tukey’s procedure for
multiple comparisons. P < 0.05 value was taken as statistically
significant. All data are expressed as means * standard
deviation (S.D).

RESULTS

There were no statistical differences between VC-treated, VE-
treated and VC + VE-treated cells compared to control cells
(Figs. 1-4). There were no statistical differences between all
groups for 1 uM concentration of DDVP.

Antioxidant Enzyme Activities

SOD (Fig. 1), CAT (Fig. 2) and GPx (Fig. 3) activities were
significantly (P < 0.05) decreased in the DDVP treatment group
compared to control group and vitamin groups alone (10 uM
and 100 uM). The activities of enzymes were significantly
increased in DDVP + VC and DDVP + VE groups compared
to the DDVP group (10 uM). In the DDVP + VC + VE group
in CAT and GP there were significantly (P < 0.05) increased
enzyme activities compared to the DDVP, DDVP + VC and
DDVP + VE groups (10 uM). These effects were not seen in
100 uM treated groups. For enzyme activities there were no
statistical differences between DDVP-treated, DDVP + VE-
treated, DDVP + VC-treated and DDVP + VC + VE-treated cells
at 100 uM.

MDA levels

MDA levels were significantly increased in the DDVP treatment
group compared to the control and groups with only vitamins
(10 uM and 100 uM). There were significant decreases in the
DDVP + VC and DDVP + VE groups compared to the DDVP
group (10 uM). The DDVP + VC + VE group showed a significant
decrease compared to the DDVP, DDVP + VC and DDVP + VE
groups (10 uM) (P < 0.05). These effects were not seen in 100 uM
treated groups. There were no statistical differences between
DDVP-treated, DDVP + VE-treated, DDVP + VC-treated and
DDVP + VC + VE-treated cells at 100 uM (Fig. 4).

DISCUSSION

A large number of xenobiotics have been identified to have
the potential to generate free radicals in biological systems
(Kehrer, 1993). DDVP acts primarily by irreversibly inhibiting
acetylcholinesterase (AChE) at cholinergic junctions of the
nervous system (Petroianu et al., 2006), which produces
hepatotoxicity in rats and induces oxidative stress (Gupta et al.,
2005). DDVP is taken into the human body very rapidly by the
lungs, stomach, or skin (Guloglu et al., 2004). DDVP has toxic
effects on mammals and also on fish, birds, honeybees and
non-target invertebrates (Ural and Kopriicii, 2006; Ogutcu et al.,
2008). High doses of DDVP stimulate LPO through increasing
plasma MDA levels and decreasing erythrocyte CAT activities
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Figure 1. SOD activity in control and experimental groups of erythrocytes with dichlorvos. Comparison of nontreated control cells
and other groups. "Comparison of VC-treated cells with VE-, VE+VC-, dichlorvos-, dichlorvos +VC-, dichlorvos +VE- and dichlorvos+VC+VE-
treated cells. “Comparison of VE-treated cells with VE+VC-, dichlorvos-, dichlorvos+VC-, dichlorvos+VE- and dichlorvos+VC+VE-treated
cells. 4Comparison of VC+VE-treated cells with dichlorvos-, dichlorvos+VC-, dichlorvos+VE-dichlorvos+VC+VE-treated cells. *Comparision of
dichlorvos-treated cells with dichlorvos+VC-, dichlorvos+VE- and dichlorvos +VC+VE-treated cells (P<0.05). Data represent the means +SD
of six samples.
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Figure 2. CAT activity in control and experimental groups of erythrocytes with dichlorvos. Comparison of nontreated control cells
and other groups. "Comparison of VC-treated cells with VE-, VE+VC-, dichlorvos-, dichlorvos +VC-, dichlorvos +VE- and dichlorvos+VC+VE-
treated cells. “Comparison of VE-treated cells with VE+VC-, dichlorvos-, dichlorvos+VC-, dichlorvos+VE- and dichlorvos+VC+VE-treated
cells. 4dComparison of VC+VE-treated cells with dichlorvos-, dichlorvos+VC-, dichlorvos+VE-dichlorvos+VC+VE-treated cells. €Comparision of
dichlorvos-treated cells with dichlorvos+VC-, dichlorvos+VE- and dichlorvos +VC+VE-treated cells. {Comparision of dichlorvos+VC-treated
cells with dichlorvos+VE- and dichlorvos +VC+VE-treated cells. 8Comparision of dichlorvos+VE-treated cells with dichlorvos+VC+VE-treated
cells (P<0.05). Data represent the means +SD of six samples.
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in vivo (Yarsan and Cakir, 2006). In this study, treatment with
DDVP significantly increased the levels of MDA and decreased
the activities of antioxidant enzymes (10, 100 uM).

LPO has been suggested as one of the molecular
mechanisms involved in pesticide-induced toxicity (Kehrer,
1993). Some studies have reported that OP cause LPO (Celik
and Suzek, 2009; Gultekin et al., 2000; Durak et al., 2009) in
vertebrates. The interaction of hemoglobin with redox drugs
or xenobiotics is a source of radical production in erythrocytes
(French et al., 1978, Winterbourn et al.,, 1978), giving rise to
superoxide radicals, hydrogen peroxide and in some cases
peroxy radicals, and inducing membrane LPO and hemolysis
(Clemens et al., 1984). MDA is a major oxidation product of
peroxidized polyunsatured fatty acids and increased MDA
content is an important indicator of LPO. Xenobiotics such
as pesticides cause increase of the MDA level in tissues
(Banerjee et al., 2001; Hazarika et al., 2003). In this study the
MDA level was increased in DDVP group, suggesting that
the MDA level could be used as a marker for OP injury. This
increase suggested that DDVP can accelerate the increase in
free oxygen groups when administrated at 10 uM and 100 uM
concentrations. The treatment with plasma levels of VE and VC
attenuated the DDVP-induced increase in MDA level at 10 uM.
These data show that the plasma level of VE and VC may have
significant effects in reducing DDVP-based toxicity in this dose.

Oxygen is a highly reactive molecule that damages living
organisms by producing reactive oxygen species (Davies,
1995); organisms contain intracellular antioxidant enzymes
such as SOD, CAT and GPx, that work together to prevent
oxidative damage to the cell (Bukowska, 2004). SOD catalyzes
the conversion of superoxide radicals to hydrogen peroxide,
while CAT converts hydrogen peroxide into water (Mansour
and Mossa, 2009). The major function of GPx, which uses
glutathion as a substrate, is to reduce soluble hydrogen
peroxide and alkyl peroxides (Bebe and Panemangalore,
2003). These antioxidant enzymes can, therefore, alleviate the
toxic effects of ROS (Mansour and Mossa, 2009). In this study,
erythrocyte SOD, CAT and GPx activities were decreased in
the DDVP-treated groups. The decrease in the activity of SOD
in OP-treated groups may be attributed to the saturation of
SOD during the process of converting O, to H,0,. The CAT
decrease may involve CAT saturation during the breakdown of
free radicals and hydrogen peroxide (H,0,), or the inhibition
of CAT by these radicals (Eraslan et al., 2007). The decrease in
GPx activity may be result directly from the decreased levels
of GSH following exposure, since the GPx enzyme depends
on GSH for activity (Mahaboob and Kour, 2007). In this study,
SOD, CAT and GPx activities significantly decreased in the at
10 uM and 100 uM DDVP-treated groups.

The widespread use of OP has long been shown to exert
deleterious effects on living organisms. Oxidative damage to
biomolecules is inhibited by antioxidants (Ames et al., 1993).
A combination of vitamins E and C can reduce LPO caused by
toxic substances (Gultekin et al., 2001). There are many studies
demonstrating that VE protects cell membranes by preventing
LPO. a-Tocopherol reacts with peroxyl radicals depending on
its methylation state of the chromanol ring and the saturation
grade of the side chain, forming tocopheroxyl radicals
(Brigelius-Flohe, 2009). Tocopheroxyl radicals are converted to
tocopherols by reacting with ascorbate (May et al.,, 1998). VE
has been shown to play a role in various enzymes’ activities
by enabling their translocation to the membrane (Kempna et

al., 2004) or affecting their transcriptional activation process
(Khor and Ng, 2000). In many studies VE neutralizes LPO and
unsaturated membrane lipids because of its oxygen scavenging
effect (Aldana et al., 2001; John et al., 2001). Frei et al. (1989)
have shown that VC is a powerful antioxidant preventing LPO
in plasma exposed to various types of oxidative stress. VC is
a significant water-soluble antioxidant in plasma which helps
to reduce the effect of oxidative stress. As it is water soluble,
it can easily react with free radical in extracellular body fluids
(Bendich, 1990). VC exerts its antioxidant effects in both direct
and indirect ways. In the direct way, VC scavenges the free
radicals formed as a byproduct of metabolic reactions (Dawson
et al., 1990). In an indirect way VC helps recycling of oxidized
VE, thus supplying active VE fighting against LPO (Netke
et al., 1997). In the present study, plasma level of VC and VE
protected against DDVP-induced oxidative stress only in a 10
uM concentration of DDVP in vitro.

The results of the present experiment showed that DDVP
induces oxidative stress in erythrocytes in vitro through
the generation of free radicals and alteration of the cellular
antioxidant defense system. Plasma levels of VC and VE
protected cells against only certain doses of DDVP-induced
oxidative stress.
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ABSTRACT

Carotenoids are efficient antioxidants that are of great importance for human health. Lutein and zeaxanthin are carotinoids present in high
concentrations in the human retina which are involved in the photoprotection of the human eye. Lutein may also protect the skin from
ultraviolet (UV)-induced damage. The present study investigated the protective effect of lutein extracted from yellow silk cocoons of Bombyx
mori on human keratinocytes against UVB irradiation. A human keratinocyte cell line and primary human keratinocytes were used to
investigate the UVB protection effects of silk lutein and plant lutein. Silk lutein showed no cytotoxicity to keratinocytes. Treatment with silk
lutein prior to UVB irradiation enhanced cell viability and cell proliferation, and reduced cell apoptosis. The protective effects of silk lutein
may be superior to those of plant lutein. Silk lutein may have a benefit for protection of keratinocytes against UVB-irradiation.

Key terms: Silk lutein, keratinocytes, UV, apoptosis

INTRODUCTION

Carotenoids play an important role in photosynthetic system,
in which they function as light-harvesting pigments in the
blue-green spectral region (Polivka and Sundstrom, 2004).
Carotenoids including alpha- and beta-carotene, beta-
cryptoxanthin, lutein, and zeaxanthin, found in vegetables and
fruits as well as in egg yolk, are known to have anti-oxidant
properties that reduce cell damage caused by free radicals
(Bailey et al., 2009; Johnson, 2009; Polidori et al., 2009; Maiani
et al.,, 2009; Santocono et al., 2007; Trevithick-Sutton et al.,
2006). Carotenoid consumption may also help to decrease the
risk of developing malignancies (Chang et al., 2005; Jeong et
al., 2009; Pelucchi et al., 2008), associated with decreases in
oxidative stress (Thomson et al., 2007; Tamimi et al., 2009) and
DNA damage (Santocono et al., 2007; Yong et al., 2009).

Lutein and zeaxanthin have been reported to help in
protecting the skin against ultraviolet irradiation-induced
damage (Santocono et al., 2006; Roberts and Green, 2009).
They reduce photoageing and photocarcinogenesis resulting
from UVB irradiation (Astner et al., 2007). A previous study
in humans has shown that both consumption and external
application of lutein and zeaxanthin can protect the skin
from oxidation. In that study, several parameters including
surface lipids, hydration, photoprotective activity, elasticity,
and lipid peroxidation were assessed (Palombo et al, 2007).
The molecular formula of lutein is C,;H.,0, and its molecular
weight is 644 daltons. The lutein molecule has double bonds,
forming a more chemically reactive allylic hydroxyl end group
than those extra conjugated double bonds found in zeaxanthin
(Kopczynski et al., 2005).

The present study investigated the effect of lutein extracted
from silk on human keratinocytes in vitro. We hypothesized

that silk lutein may protect keratinocytes from UVB irradiation.
In addition, the currently available commercial plant lutein,
which is an ester form (Harikumar et al., 2008) was also tested.
Silk lutein prepared from yellow silk cocoons in this present
study was in a protein binding form that was a sericin-lutein
complex. Sericin is one of the main protein constituents of
yellow silk cocoons. The yellow pigment-binding protein
of this silk lutein is similar to the pigmented tissues of the
macular lutea in the retina of the eye. It is possible that
absorption and transportation of protein-binding lutein within
the body may be better than lutein-fatty acids esters. For these
reasons, we hypothesized that the protective effect, if any,
of silk lutein may be superior to lutein esters extracted from
plants.

METHODS
Silk lutein

Silk lutein was prepared according to patent pending no.
PCT/TH2010/000048. Yellow silk cocoons of Bombyx mori
were degummed under high pressure and temperature to
remove sericin. Degummed cocoons were extracted with a
solvent mixture of hexane, ethyl alcohol, and ethyl acetate.
The solution obtained was then partitioned with 10% NaCl to
remove impurities from the non-aqueous phase to the aqueous
phase. The non-aqueous phase was concentrated at ambient
temperature and freeze-dried. Silk lutein concentration was
quantified by reversed-phase HPLC (Agilent HP 1100 series)
using a LiChrospher®100 reversed-phase C,; column as
stationary and acetonitrile/ methanol-ethyl acetate as mobile
phases and monitored at 445 nm. The lutein was kept in the
dark at -20 °C until use.
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Keratinocyte cell line

Human keratinocyte cell line (CCD 1102 KERTr) (the American
Type Culture Collection, University Boulevard, Manassas,
VA, USA) was maintained in 100 mm? sterile Petri dishes in
Keratinocyte-serum-free medium (Gibco, NY, USA), containing
1% antibiotics, 20-30 ug/ml of bovine pituitary extract, 0.1%
300 mM CaCl,, and 200 ng/ml of recombinant epidermal
growth factor. The cells were incubated at 37 °C and 5% CO,.
Approximately 95% confluent cultures were passaged every
4-5 days by trypsinization with 0.25% trypsin-EDTA (Gibco) in
phosphate-buffered saline (PBS: Sigma-Aldrich, MO, USA).

Primary human keratinocytes

Primary human keratinocytes were isolated from foreskins of
boys less than 10 years old (n=5) and from an adult skin after
an approval from the Ethical Committee on Human Rights
Research Involving Human Subjects, Naresuan University.
After removal of excess subcutaneous fat and dermis, the skin
was cut into small pieces and soaked in 2.5 mg/ml dispase II
(Roche Applied Science, Mannhiem, Germany) at 4 °C for 48
hours. Epidermal sheets were carefully separated from dermis
and immediately trypsinized to obtain single cell suspensions in
0.05% trypsin-EDTA (Invitrogen, Carlsbad, CA) and neutralized
with 10% fetal calf serum in DMEM (both obtained from Thermo
Scientific, Waltham, MA). The trypsinized single cell suspension
was cultured in Keratinocyte Serum-Free Medium (Ker SFM;
Invitrogen) supplemented with 25 ug/ml bovine pituitary
extract, 0.2 ng/ml epidermal growth factor and 0.4 mM CaCl,,
according to Rheinwald et al. (2002). Keratinocytes from the third
to the fifth subcultures were used in our study. To demonstrate
that almost all of the cultured cells were keratinocytes, the cells
were fixed with cold ethanol while vortexing and were then
stained with a marker of keratinocyte, anti-pan-cytokeratin-
FITC antibody (Sigma-Aldrich) according to the manufacturer
recommendation. These cultured keratinocytes were shown by
FACSCalibur (BD, San Jose, CA) to be stained more than 95%
with this antibody (data not shown).

Lutein administration and UVB irradiation

Keratinocyte cell lines and human keratinocytes were plated
at 2x10° cells/60 mm?2 culture dishes for 24 hours before
the plates were added with silk lutein or commercial lutein,
Xanthophyll (Fluka, Sigma-Aldrich). The concentrations of
both types of lutein were 0.5, 1.5, 5, and 15 uM in culture
medium. The culture dishes were then incubated for another
24 hours. Then the medium containg lutein was removed
by gently pipetting the medium out followed by gentle and
thorough washes with PBS. The culture dishes were then
supplemented with Earle’s Balanced Salt Solution 1X (EBSS)
(Gibco) normal complete medium before they were irradiated
with UVB using a BS-03 irradiation chamber (Dr. Grobel UV-
Elektronik GmbH, Ettlingen, Germany), ranging from 8 to
32 mJ/cm? This range of irradiation was evaluated in our
preliminary studies using the same conditions of keratinocyte
culture and the same number of passages, which showed that
at UVB of =32 mJ/cm? most of the cells were killed (data not
shown). For the keratinocyte cell line the UVB doses were 8,
16, 24, and 32 mJ/cm? and the lutein concentrations were 0.5,
1.5, 5, and 15uM. For human keratinocytes the UV doses were

16, 24, and 32 mJ/cm? and the lutein concentrations were 1.5, 5,
and 15uM. After irradiation, the EBSS was gently removed and
then Keratinocyte-SFM medium was added.

Cell survival assay

Trypan blue exclusion as well as MTT assays were carried out
in order to determine the effect of lutein on the survival of
keratinocytes. The assays were also performed to investigate
the viability of keratinocytes which were treated with
lutein prior to UBV-irradiation at 8 to 32 m]J/cm?. Briefly,
keratinocytes treated with silk lutein or commercial lutein,
hereafter referred to as c-lutein, as above were evaluated for
the total number of cells and the number of dead cells using
trypan blue exclusion and MTT assays. For the UVB irradiation
experiments, lutein treated cells were irradiated with UVB at 8
to 32 mJ/cm? before they were cultured for another 24 hours.
These cells were then evaluated for the total number of live
cells and dead cells by trypan blue exclusion as well as MTT
assay. Briefly, for MTT assay keratinocytes were plated into
96-well flat-bottom tissue culture plates at 1.5x10% cells/well.
After an overnight culture, lutein and c-lutein were added at
the same concentrations as above. The cultures were similarly
irradiated with UVB and washed as aforementioned. Two hours
before the assays were terminated, freshly prepared thiazolyl
blue tetrazolium bromide; MTT (Sigma) solution was added
at a final concentration of 0.5 mg/ml. At the end of the culture
period, the culture plates were flicked off and tapped before
100 ul/well of dimethyl sulfoxide (DMSO; Sigma) in ethanol
(1:1, v/v) was added. The plates were further incubated for 5
minutes and then the absorbance was read at 595 nm using an
iMark Microplate Reader (Bio-Rad, Hercules, CA, USA).

Apoptosis assay

Apoptosis assay using an annexin V-FITC apoptosis detection
kit (BD Biosciences, CA, USA) was performed to assess the
effect of lutein and c-lutein on the apoptosis of keratinocytes
as well as to investigate the effect of cell apoptosis caused by
UVB-irradation on lutein- and c-lutein-treated keratinocytes.
Briefly, keratinocytes treated with silk lutein or c-lutein as
above were analyzed for cell apoptosis. To do this, some
culture dishes were trypsinised to stain with annexin V FITC
and the remainder was irradiated with UVB at 8 to 32 mJ/
cm?. After irradiation the culture dishes were incubated for
an additional 24 hours before they were trypsinised. The
trysinised cells were then stained with annexin V-FITC and
propidium iodide for 15 minutes before they were analyzed
using FACScalibur (Becton Dickinson, CA, USA) with
CellQuestPro software (BD).

Cell proliferation assay

To determine the ability of keratinocytes to proliferate after
they had been exposed to lutein and c-lutein as well as to
the UBV as in the survival and apoptosis assays, the BrdU-
incorporation assay was performed. In these experiments the
cells were cultured in 96-well flatted-bottom tissue culture
plates at 1.5x10* cells/ml. The treated keratinocytes was added
with BrdU of the Cell Proliferation ELISA, BrdU colorimetric
kit (Roche Applied Science, IN, USA) 18 hours before the assay
was terminated. The color products were developed according
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to the manufacturer’s instruction and the absorbance was read
at 450nm using the iMark Microplate Reader (Bio-Rad).

Statistical analysis

Each assay using human keratinocyte cell lines was performed
on at least three different occasions. For primary human
keratinocytes (n=6), all samples were tested in all different
occasions. Statistical differences were analyzed using two-
tailed Student’s t-test and p values of less than 0.05 were
considered significant. The data are presented as mean+SD.

RESULTS
Viability of lutein treated keratinocytes and UV B-irradiated keratinocytes

The results from MTT assays showed that keratinocytes treated
with lutein and c-lutein had similar viability compared to
keratinocytes in culture medium alone. This means that lutein
and c-lutein at this range of concentrations were not toxic to
the cells (Figure 1A and 1B).

The effect of lutein on the protection of keratinocytes from
UV-irradiation was tested. Silk lutein at the concentrations of
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5 and 15uM protected the keratinocytes from UVB mediated
cell damage, particularly at 16 and 24 m]/cm? of UVB. This was
shown by the ability of the keratinocyte cell line to proliferate
after irradiation (Figure 2A). However, c-lutein produced
no effect on keratinocyte proliferation (Figure 2B). Thus it
appeared that prior treatment with silk lutein helped to protect
the cells from UVB-induced cell damage. For the primary
keratinocytes, silk lutein at a concentration of 15uM helped in
protecting from cellular damage, which was seen in the UVB of
24 and 32 mJ/cm? (Figure 2C). The c-lutein at a concentration of
15uM also had a protective effect on the primary keratinocytes
treated with 32 mJ/em? of UVB (Figure 2D).

Apoptosis of lutein treated keratinocytes and UV B-irradiation

The results from the annexin-V assay showed that the
keratinocyte cell line treated with silk lutein and c-lutein in
the range of concentrations had similarly few cells undergoing
necrosis (1-2%), early apoptosis (4-10%), and late apoptosis
(1-3%) compared to keratinocytes in culture medium alone
(Figure 3A and 3B). This means that lutein at this range of
concentrations had no effect on cell apoptosis.
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Figure 1 Effect of lutein on the viability
of keratinocytes measured by MTT assay.
Viability of keratinocyte cell line (A) and
primary human keratinocytes (B) treated
with c-lutein or silk lutein for 24 hours at
concentrations ranging from 0.5 to 15 uM.
Each bar represents the mean percentage
of cell viability. Error bars are one standard
deviation.
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The keratinocyte cell line treated with either silk lutein or Proliferation of lutein treated and UVB-irradiated keratinocytes
c-lutein at concentrations of 5 and 15uM and then irradiated
with 24 mJ/cm? of UVB had a significant decrease in the From the BrdU proliferation assays it was found that the

number of cells undergoing early and late apoptosis compared proliferation of both the keratinocyte cell line and primary
to cells without prior treatment with silk lutein and c-lutein cells treated with either silk lutein or c-lutein was comparable
(Figure 4A and 4B). A similar effect was also seen for the to that of keratinocytes in culture medium alone (Figure
primary human keratinocytes (Figure 4C and 4D). 5A, 5B, 5C, 5D). This indicates that lutein at this range
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Figure 2 Effect of lutein on the viability of keratinocytes treated with UVB measured by MTT assay. Viability of keratinocyte cell line (A, B)
and primary human keratinocytes (C, D) treated with 0.5 to 15 uM of silk lutein (A, C) or c-lutein (B, D) for 24 hours prior to irradiation
with UVB at various doses ranging from 8 to 32 mJ/cm?2. Each bar represents the percentage of cell viability. Error bars are one standard
deviation. *, p < 0.05
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Figure 3 Effect of lutein on the apoptosis of keratinocytes measured by annexin V-FITC assay. Apoptosis of keratinocyte cell line treated
with silk lutein (A) or c-lutein (B) for 24 hours at concentrations ranging from 0.5 to 15 uM. Each bar represents the percentage of cells
undergoing apoptosis. Error bars are one standard deviation.
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of concentrations had no effect on the proliferation of source of normal skin biopsy is limited, particularly from
keratinocytes. adult normal skin, owing to ethical considerations.

The keratinocytes treated with silk lutein and c-lutein The present findings demonstrated that silk lutein
followed by UVB irradiation from 16 mJ/cm? had more cell can decrease cell apoptosis caused by UVB-irradiation. It
proliferation, particularly at 15 uM lutein, compared to cells also showed that silk lutein increased the proliferation of
without prior treatment with lutein (Figure 5A, 5B, 5C, 5D). keratinocytes that had been treated with UVB. The silk lutein
Therefore treatment with lutein before UVB irradiation appears in the present study was in a protein binding form and some
to help the proliferation of keratinocytes. The explanation may of our present results were better than those from c-lutein of
be that UVB irradiation resulted in some cell death, but 24 plant origins. In the preliminary studies on the doses of UVB
hours later the remaining cells continued to proliferate. The only 8 to 32 mJ/ cm? were tested, because the UVB doses of
controlled keratinocytes without prior treatment with lutein higher than 32 mJ/cm? caused death of most cells both in the
had less proliferation. absence and presence of lutein and c-lutein. This might be

due to the pro-oxidative activity of caroteinoids at high doses
DISCUSSION of UV (Lutter et al., 2012).
A previous report showed that high dietary intake of
The present study demonstrated the effect of silk lutein on lutein and zeaxanthin can reduce the incidence of squamous
human keratinocytes. Primary human keratinocytes were cell carcinoma of the skin (Heinen et al., 2007). Studies have
studied along with a keratinocyte cell line. This is because shown that lutein and zeaxanthin are present in the skin and
keratinocyte cell lines may have abnormal characteristics in vivo studies have claimed their efficacy against ultraviolet-
including aneuploidy, genetic instability, as well as having induced skin damage (Roberts et al., 2009; Astner et al., 2007).
heterogeneous cell populations. Thus, they may not represent Thus the present findings support this information as silk
normal epidermis (van de Sandt et al., 1999). The present study, lutein decreased the number of early and late apoptosis of
therefore, used primary human keratinocytes even though this human keratinocytes exposed to UVB.
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Figure 4 Effect of lutein on the apoptosis of keratinocytes treated with UBV measured by annexin V-FITC assay. Apoptosis of keratinocyte
cell line (A, B) and primary human keratinocytes (C, D) treated with 0.5 to 15 uM of silk lutein (A, C) or c-lutein (B, D) for 24 hours prior
to irradiation with UVB at 24 mJ/cm?. Each bar represents the percentage of cells undergoing apoptosis. Error bars are one standard
deviation. *, p < 0.05



44 PONGCHAROEN ET AL. Biol Res 46, 2013, 39-45
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Figure 5 Effect of lutein on the proliferation of keratinocytes measured by BrdU-incorporation assay. Proliferation of keratinocyte cell
line (A, B) and primary human keratinocytes (C, D) treated with 0.5 to 15 uM of silk lutein (A, C) or c-lutein (B, D) for 24 hours prior to
irradiation with UVB at various doses ranging from 8 to 32 mJ/cm?2. Each bar represents the percentage of cell proliferation. Error bars are

one standard deviation. *, p < 0.05

Although the number of keratinocytes evaluated by BrdU
proliferation assay was found to be increased when they were
treated with lutein prior to irradiation at 16-24 mJ/cm? of UVB,
keratinocytes irradiated with other doses of UVB and non-
irradiated keratinocytes had similar numbers of cells compared
to cells that had not been treated with lutein. This could imply
that lutein alone at the range of concentrations used did not
stimulate keratinocyte proliferation. However, when the
keratinocytes were irradiated with UVB, a number of cells died
and the remaining cells continued to proliferate. Silk lutein at
a range of concentrations used in this present study provides
a protective effect for keratinocytes against UVB-induced
damage. Therefore, silk lutein may have a significant benefit in
term of skin protection against UVB-irradiation.
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ABSTRACT

Mechanical pressure plays an important role in many physiological and pathological processes. Mimicking the mechanical pressure present
in vitro is necessary for related research, but usually requires expensive and complicated equipment. In this study we created a simple
pressure culture system based on the transwell culture system. By cutting off the top rim of the transwell insert, the cells were compressed
between the insert membrane and the well floor. The new pressure culture system was proven effective in that it induced cell morphological
change, integrin p1 upregulation, actin polymerization and growth change in rat retinal ganglion cells, human nasopharyngeal carcinoma
cells and mice embryonic fibroblasts. Though the pressure value is immeasurable and inhomogeneous, the easily available culture system
still provides a choice for the laboratories that do not have access to the better, but much more expensive pressure culture equipment.

Key words: Mechanical pressure; Cell culture; Transwell culture system; cytoskeleton.

INTRODUCTION

Mechanical pressure stimuli exists and plays important roles
in many physiological and pathological processes [1-4]. In
glaucoma, intracranial hypertension and solid tumors, the
somatic cells are exposed to an elevated hydrostatic pressure
[5, 6]. In some physiological conditions, intervertebral discs
and articular cartilage often bear a high mechanical burden,
which probably includes both hydrostatic pressure and tensile
strain. For vascular endothelial cells or the cells in the cavitas
medullaris such as hemopoietic and mesenchymal stem
cells, fluid shear stress has a great influence on proliferation,
differentiation and other biological functions [7, 8]. Though
hydrostatic pressure, mechanical strain and shear stress have
different features, they all exert mechanical pressure on cells.

To facilitate the investigation of the biological role and
mechanisms of mechanical pressure, it is necessary to establish
this model in vitro. There has been a long history of pressure
chamber inventions. Some pressure chambers were mounted
into the microscopy to observe the depolymerization of
spindle microtubules[9, 10], and some use the syringe — based
pressure chamber to evaluate the ATP release from retina[11].
A tensegrity model has been established to explain the
mechanism of cellular mechanotransduction, which considers
cells and the extracellular matrix as a continuous network of
fibers[12, 13].

Our lab has previously set up an elevated hydrostatic
pressure model, which is mainly composed of an air-tight
pressure chamber and a regulator which is connected to an
additional power supply [14]. The model could provide a
stable pressure in vitro, but it requires a huge incubator in

which the pressure chamber is placed. Some other laboratories
have established their own mechanical pressure models [15,
16], which are often complicated and not easily adoptable by
others. Some commercial equipment also mimics mechanical
pressure, but the equipment is often expensive and not
available for many laboratories.

To establish an easily available pressure culture system,
we made some modifications to the 6-well transwell culture
system. The resulting hand-made pressure culture system
is effective on rat retinal ganglion cell line 5 (RGC-5) cells,
human nasopharyngeal carcinoma cell line (CNE-1) and mice
embryonic fibroblasts (MEFs). This pressure culture system is
simple and readily available for nearly every laboratory.

MATERIALS AND METHODS
Cell culture

The rat RGC-5 cell line was a gift from Prof. Zhikuan Yang in
Zhongshan Ophthalmic Center, Sun Yat-sen University, and was
cultured with high glucose Dulbecco’s modified Eagle medium
(DMEM medium) (Gibco, Grand Island, NY, USA) containing
10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA). Mice
MEFs were harvested from embryonic 13.5 days C57/BL6 mice
and cultured with DMEM medium containing 10% FBS. MEFs
in 3 to 4 passages were used for this study. The CNE-1 cell
line was cultured with 1640 medium (Gibco) containing 10%
FBS. All these cells were passaged by trypsin digestion, serum
neutralization, centrifugalization and re-plating as usual. The
usage of experiment animals and the protocol of the study were
approved by the local ethics committee.
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Design of the pressure culture system

The pressure culture system was designed based on
the transwell inserts (353102, BD Falcon) for 6-well plates.
The bottom of the insert is sealed with cell-culture grade
polyethylene terephthalate (PET) membranes (Figure 1). When
placed into one well of the 6-well plate, the arcuated processes
at the top of the insert lies right on the rim of the well. The
insert and well together could be used as a non-contact co-
culture system [17] (Figure 1C).

To establish the pressure culture system, we cut off the
arcuated processes at the top of the insert so that the whole
insert descended and the membrane at the bottom of the insert
pressed directly on the floor of the well (Figure 1B, 1D). When

(0]0]0]00]0]0]0/0]0]0)] QOO
‘."' Constant \\
: pressure region
Y (26ecmy) ¢/
. 2 ’I
Well floor Y
3.5
Insert membrane mm

Figure 1: The pressure culture system modified from the transwell
culture system. The transwell culture system is composed
of an insert and a well, which can be used for co-culture of
different types of cells (A, €). In figure € and D, the dotted line
at the bottom of the insert represents the semi-permeable PET
membrane. To establish the pressure culture, the rim at the top
of the insert was cut off (B) so that the insert was placed directly
on the well floor, where the cells (blank circle) were mechanically
compressed (D). The membrane area that could be used for the
pressure culture was 4.2 cm? (E). When the insert was randomly
placed in the well, the 2.6 cm? circle in the center of the well floor
was consistently in the range of the pressure culture (F).

cultured on the well floor, the cells are mechanically pressed by
the PET membranes (Figure 1D).

In this study, to verify the pressure culture system 1x103
RGC-5, 1x10% CNE-1 and 2x103 MEF suspensions were seeded
into 6-well plates, within an approximately 19 mm-diameter
circle marked at the bottom center of the well with a pen. After
allowing attachment for about 4-5 hours, the growth medium
in each well was added up to 2.5 ml. When 24 hours had
passed after cell seeding the modified inserts were put into the
well, covering the circle line, to trigger the pressure culture.
Meanwhile, 1.5 ml growth medium was added into the insert.
The growth medium in the insert was fully replaced with fresh
medium every day, and a similar volume of growth medium
was replaced in the normal control group. After pressure
culture for 6, 12, 24 or 72 hours, RGC-5, CNE-1 and MEFs were
harvested for real-time quantitative reverse transcription PCR
(qRT-PCR) detection or cell counting.

Staining of cell membrane with Dil

Dil (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate, C1036, Beyotime, China) was reconstituted with
DMSO into 2 mM stock solution. Before staining, Dil stock
solution was diluted to 10 uM with fresh growth medium. To
stain the cells, the growth medium in the 6-well plates was
removed and the fresh medium containing Dil was added.
Then the plates were incubated in 37 °C for 20 min. After
washing with PBS solution 3 times, the cells were fixed with
4% paraformaldehyde for 15 min at room temperature. DAPI
(C1002, Beyotime, China) was used to stain the nucleus. The
cells were observed under a fluorescence microscope (Leica
DM2500, Leica, Germany).

Real-time quantitative reverse transcription PCR

The procedure of qRT-PCR was similar to that we previously
described with minimal modification [18]. Total RNA was
extracted from RGC-5, CNE-1 and MEFs following the
specification of RNeasy Mini Kit (Qiagen, Hilden, Germany).
The likelihood of genomic DNA contamination was reduced
with DNase I (Sigma, St. Louis, MO) treatment. cDNA was
synthesized with a PrimeScript RT reagent kit (Takara,
Tokyo, Japan). SYBR Premix Ex Taq (Takara) was used for
quantitative PCR in an ABI Prism 7000 real-time PCR system.
Glyceraldehyde-3- phosphate dehydrogenase (GAPDH) acted
as the internal reference gene. The primer pairs for mice
integrin f1 were: forward TTGCCTTGCTGCTGATTTG, reverse
TTTCACCCGTGTCCCACTT, product 105 bp; for rat integrin
Bl they were: forward AGTGAACAGCAACGGTGAAGC,
reverse AGCAAGGCAAGGCCAATAAGA,
product 126 bp; and for human integrin f1 they were:
forward CAGTGAATGGGAACAACGAGG, reverse
ATGCAAGGCCAATCAGAACAA, product 123 bp. The fold
changes of integrin p1 relative to GAPDH were calculated as
previously described [18].

Immunofluorescence detection

To facilitate immunofluorescence detection, RGC-5, CNE-1 or
MEFs were seeded onto a 22 mm round cover slip to initiate
the pressure culture. After 1 or 3 days these cells were fixed
with 4% paraformaldehyde for 15 min at room temperature.
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Expression of filamentous actin (F-actin) in these cells was
detected following the specification of Actin-Tracker Green
(Beyotime, China), which is FITC-labeled phalloidin. The
tracker was 1:200 attenuated with PBS containing 0.1% Triton
X-100 and 4% BSA, and then incubated with the cover slip
for about 50 min at room temperature before detection by a
fluorescence microscope (Leica DM2500).

Cell proliferation detection

Each well of a 6-well plate was seeded with 1x103 RGC-5 or
CNE-1, or 2x103 MEFs cell suspension, up to 4 wells for each
type, within a 19 mm circle as per the foregoing description. Of
these, 2 wells were prepared for the pressure culture and 2 other
wells served as the control. The pressure culture was initiated
24 hours after plating. After another 3 days the cells in each well
were harvested with trypsin, and counted using a hemocytometer
under an inverted microscope (Leica DMI3000 B, Leica). Since
we noticed the attachment of some cells onto the transwell
membrane in pressure culture, for the well

of pressure culture the transwell membrane

was also digested with trypsin and the liquid

was harvested and counted together with the

cell suspension of that well. The average cell

number of the duplicate wells was regarded as CNE1-
the final result in that group. The cell number
in each group was divided by the initial cell
number to get the fold change. The experiment
was repeated twice for each cell type.

Statistical analysis CRER

Values were expressed as mean + standard
error (number of observations). Analysis of
variance (ANOVA) or Student’s t-test was
used to test for significant differences, and CNE1-
P<0.05 was taken to be significant.

RESULTS

Parameter of the pressure culture system

MEF-
The pressure culture system was composed of
a transwell insert and a 6-well plate with some
modifications described in Methods (Figure 1A-
1D). The pressure came from the PET membrane
attached at the bottom of the insert, which may
exert mechanical tension on the cells.

The diameter of the PET membrane at
the bottom of transwell inserts was 23.1 mm
(Figure 1E- 1F). The cells were pressure-
cultured between PET membrane and the well
floor; thus, the maximum area that could be MEF-
achieved for pressure culture was only the area
of the PET membrane, which is about 4.2 cm?
(Figure 1E). To facilitate seeding cells into the
4.2 cm? circle, a line along the inner circle of the
insert can be drawn at the bottom of the well.

The inner diameter of the well was 34.8
mm, and the outer diameter of the insert
top was 30.0 mm (Figure 1E). If the insert
was placed randomly within the well, the

MEF-

pressure culture 3d

200 pm.

control culture 3d

pressure culture 3d

pressure culture 7d

control culture 3d

pressure culture 7d

mobilizable distance was 4.8 mm. Therefore, a round area (2.6
cm?) with an 18.3 mm diameter in the center of the floor would
be constantly within the range of pressure culture, wherever
the inserts were placed (Figure 1F).

To get a preliminary impression of the pressure level, we
detected the change of cell area after 3- or 7- day pressure
culture. Dil is a kind of membrane-bound dye and was used to
identify cell boundaries and thus to evaluate cell area. Normal
culture did not induce obvious change on cell area. The results
showed that after 3-day pressure culture, the cell area of CNE-
1 and MEFs decreased. The effect became more evident after
7 days. Typical pictures are shown in Figure 2. Similar results
were observed in 2 independent experiments.

Morphology change and actin cytoskeleton rearrangement under pressure
culture

Three kinds of cells, specifically rat RGC-5, human CNE-1
and mice MEFs, were selected to evaluate the pressure culture

DAPI Merged

Figure 2: The effect of pressure culture on the cell area of CNE-1 and MEFs.

Dil membrane dye was used to stain the cell membrane. It can be seen that after
3-day pressure culture, CNE-1 and MEFs became smaller than those in control
culture. The effect became more evident after 7-day pressure culture. Bars represent
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system. Before pressure culture, RGC-5 cells had a short-rod
shape with a few thin processes, CNE-1 cells were polygonal
with short processes, and MEFs were long and spindle-shaped.
After being pressure cultured for 1 or 3 days, the three types
of cells showed similar changes, including a thinner body and
more processes, often with a clearer cell boundary (Figure 3A).

Actin is an extensive-expression protein in somatic
cells and also a sensor of mechanical stress [19, 20].
Phalloidin is a toxin from the toadstool which binds
specifically to polymerized actin filaments rather than to actin
monomers [21]. FITC-labeled phalloidin was used to detect the
distribution of actin filaments. Before pressure culture, RGC-5,
CNE-1 and MEFs cells all displayed evident green fluorescence
by phalloidin staining, suggesting the
universal existence of filamentous actin.
After pressure culture for 1 or 3 days,
expression of filamentous actin in all
these cells became brighter and denser
(Figure 3B), which might be from the
result of the transition of globular actin
into filamentous actin [22]. Similar
phenomena were observed in three
independent experiments.

The effect of pressure culture on integrin 1
expression

Integrin f1 plays an important role in

sensing mechanical pressure or stress

[23]. To verify the effect of the pressure

culture system, expression of integrin MEF
p1 was investigated by qRT-PCR before
and after pressure culture. The results
showed that after 6 hours of pressure
culture, expression of integrin 1
increased dramatically and peaked at
12 hours in RGC-5 (Figure 4A). After 12
hours, integrin p1 expression gradually
decreased. The expression of integrin 1
in CNE-1 and MEFs cells also increased
evidently upon pressure culture and
peaked at 6 hours, after which the
expression level declined. By 72 hours, M

)

RGC-5
(F-actin)

the expression of integrin p1 in MEFs
was still significantly greater than that of

the normal culture (Figure 4A). GHE-
To exclude the possible effect of PET (F-actin
membrane on integrin Bl expression
from the pressure culture system,
2.0x10* RGC-5, CNE-1 or MEFs cell
suspensions were seeded onto the insert VEF
membrane placed on the well floor. .
(F-actin)

Meanwhile, 4.6x10* RGC-5, CNE-1 or
MEFs cell suspensions were seeded into
one well of a 6-well plate to achieve the
same cell density. After 6 hours, qRT-
PCR detection showed that integrin
B1 expression was slightly less in the
cells grown on the PET membrane
than those grown on the well floor,
but the difference was not significant
(Figure 4B). The results suggested that

upregulation of integrin 1 in the pressure culture should be
attributed to mechanical pressure, not the membrane substrate.

The effect of pressure culture on cell proliferation

Cells grown under mechanical pressure usually display a
changed growth rate [3]. To assess the effect of the transwell-
based pressure culture on cell proliferation, cells were counted
after 3 days of pressure culture. Compared to control groups
in the normal culture, 3-day pressure culture induced a
significant increase in CNE-1 growth, along with an evident
decrease in MEFs (Figure 5). Pressure culture also promoted
the proliferation of RGC-5 slightly.

0day 1 day 3 days

Figure 3: The morphology and actin cytoskeleton change in RGC-5, CNE-1 and MEFs
under pressure culture. RGC-5, CNE-1 and MEFs cells were pressure cultured for 3 days.
Compared to the normal culture (0 day), 1 day or 3 days pressure culture induced obvious
changes in these cells, including more processes, thinner and longer soma and clearer
boundaries (A-I). For the actin cytoskeleton, pressure culture induced an obvious increase
of filamentous actin in the three cell types (J-R). Bars represent 200 um.
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DISCUSSION

This study showed that the pressure system was effective
in that it induced morphological change, integrin B1
upregulation, and actin polymerization in rat-, human-, and
mouse-derived cells, which included both normal somatic
cells and tumor cells. The morphological changes included a
thinner, longer cell body and more processes. These changes
were different than those produced under hydrostatic-pressure
or shear-stress cultures [14, 24]. One reason accounting for this
might be that the pressure exerted on the cell surface in this
study was not as uniform as in hydrostatic-pressure culture,
or not as unidirectional as in shear-stress cultures. Integrin f1
upregulation was not long-lasting in this study, which might be
due to a negative feedback regulation [25, 26].

The mechanical stimuli to which cells are usually subjected
include hydrostatic pressure, shear stress and tensile strain
[13]. In some reports, hydrostatic pressure induced actin

mm Oh
EEEn Gh
* ENN 12h

Relative integrin B1 expression

B mmmm Culture on well floor

8 15 4 —= Culture on PET membrane
K7

[}

o

a

x

2 10

a

£

.

(o)

8

L 54

()

=

©

©

o

0.0
RGC-5 CNE-1 MEF

Figure 4: The effect of transwell-based pressure culture on
integrin B1 expression. The mRNA level of integrin f1 was referred
to GAPDH. A shows the relative integrin 1 expression in RGC-5,
CNE-1 and MEFs before and after pressure culture. Expression
level before pressure culture (0 h) was defined as 1. B shows
the effect of membrane substrate on integrin $1 expression. Cells
were grown on the well floor or on the insert membrane for 6
hours before for integrin B1 detection. The expression levels in
well floor groups was defined as 1. It should be noted that culture
on membrane only decreased integrin B1 expression slightly,
but not significantly. Data were mean t standard error from 3
independent experiments. * represents P<0.05 vs. O h.

depolymerization [14, 27], while shear stress and tensile strain
induced actin reorganization or polymerization [22, 28]. In this
study, cells were quiescently compressed between two objects,
which induced an obvious increase of filamentous actin.
Therefore, tensile strain might be the main stimulus in our
pressure culture system.

The pressure culture system was modified from the
transwell system of Becton, Dickinson and Company. The cells
were mechanically compressed between the insert membranes
and the well floor. Based on the principle, the transwell
systems from other companies such as Coring, Millipore or
Costar could also be easily modified into pressure culture
systems by cutting off the rim of the insert so that the insert is
directly placed on the well floor.

In this study, the membrane of the insert was made of
polyethylene terephthalate (PET), which is transparent to
facilitate observation. There are also insert membranes made
of polycarbonate. These membrane materials are all cell-
culture grade and appropriate for pressure cultures. Different
membrane pore sizes can be chosen, such as 0.4um, lum or
3um. To guarantee the pressure effect, the membrane pore size
should be smaller than the cell diameter, which depends on
cell type, cell cycle progression and cell viability, among other
factors.

The advantages of this pressure culture system are obvious.
First, it is easy and available for every laboratory if they meet
the conditions for cell culture. Second, the insert membrane
is permeable to gasses such as carbon dioxide and oxygen,
as well as molecular substances such as proteins; thus the
condition of the pressure culture is almost completely the same
as that of a normal culture, except for the pressure.

The shortcomings of the pressure culture system are also
equally obvious. Most significantly, the pressure exerted on
cells is inhomogeneous, immeasurable, and dynamically
changing due to the growth of cells. Although we observed
a decrease in cell area of CNE-1 and MEFs under pressure

24 1 " mmmm /njtial cell number
3 Normal culture for 3 days

21 1 mmmm Pressure culture for 3 days

16
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Fold change in cell number
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Figure 5: The effect of pressure culture on the proliferation of
RGC-5, CNE-1 and MEFs. The initial cell number of each cell type
(1x10® RGC-5, 1x10® CNE-1 and 2x10®> MEFs) was defined as
1. Normal culture served as the control. 3-day pressure culture
promoted the growth of CNE-1, while inhibited MEFs significantly.
Data were obtained from 3 independent experiments. * represents
P<0.05 vs. normal culture.
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culture, the exact pressure level was unknown. Furthermore,
the pressure exerted on each cell might be different. Many
factors could affect the pressure level. The factors arising
from cells include cell size, cell density and cell distribution,
among others. The membrane material, membrane pore size,
and nominal pore density car also influence the pressure
level. Even the position in which the individual cell seeded or
the placement of the insert might change the pressure level.
Additionally, the pressure culture system can be used only for
adherent cells, not for suspension cells.

Mechanical stimuli have great effects on cell proliferation.
Elevated interstitial fluid pressure or mechanical strain may
either increase or decrease cell growth, depending on cell type,
stimuli amplitude, stimuli frequency, and other factors [3, 29].
The pressure culture in our study induced growth promotion
on CNE-1 and RGC-5, while inducing evident inhibition on
MEFs. It was reported that another kind of mouse fibroblast,
3T3-L1 grew faster under pressure of 5 MPa than at normal
atmospheric pressure[30]. The difference might be due to
the reason that the influence of mechanical pressure on cell
proliferation is cell-type dependent[3]. 3T3-L1 is an established
cell line and grows faster than MEFs. In current study, the
MEFs were seeded at low density, which might also enhance
the sensitivity to pressure stimulus.

In summary, we established an easily available pressure
culture system which is effective for various kinds of cell
types and can exert obvious influence on cell morphology and
biological functions. Mechanical strain probably is the main
component of the pressure.
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ABSTRACT

The greatest diversity of anurans in the world is in Brazil and one of the major challenges is to reconcile the accelerated economic
development with strategies that aim to maintain this diversity in forest fragments, often representing ESUs of some biomes. This study
aimed to obtain data that will support conservation projects through the pioneering use of ISSR analysis in Neotropical anurans, estimating
the intra- and interpopulation genetic diversity of four populations of P. cuvieri (Parand and Sao Paulo regions). Of the 65 loci scored 58 were
polymorphic, with 0.797 intrapopulation variation and 0.203 interpopulation variation. The index of interpopulation genetic differentiation

(F4p) proved to be high among the population of Marmeleiro-PR and the three populations of SP (F5; > 0.288); genetic dissimilarity was
related to the geographical distance. The ISSR proved to be efficient and useful molecular markers in comparison with other markers
most widely used for preliminary diagnosis of genetic diversity in populations of amphibians, and could be applied as a tool for future
conservation projects, since they could identify potential ESUs and influence decisions on the preservation of fragments.

Key words: ESU; Fg;

INTRODUCTION

Amphibians are considered relatively poor dispersers and
highly philopatric (Blaustein et al., 1994). Usually, anuran
populations exhibit a high degree of spatial structure, mainly
when interpopulation distances exceed several kilometers
(Shaffer et al., 2000). Amphibians have become a focus for
studies on the effect of habitat fragmentation on genetic
diversity and population differentiation (Reh and Seitz, 1990;
Hitchings and Beebee, 1998).

With more than 800 described species, Brazil has the
highest species diversity of frogs in the world, with many
endemic species (SBH, 2011). The barker frog Physalaemus
cuvieri Fitzinger, 1826 occurs in Argentina, Brazil, Paraguay,
Bolivia, Guyana and possibly in the southern plains of
Venezuela. In Brazil P. cuvieri occurs in environments with
distinct climatic characteristics, where the amount and
distribution of rainfall and range of temperature differs, as in
the Caatinga, Cerrado (Brazilian savannah) and Forest (Nimer,
1989). Physalaemus cuvieri is a very small Leiuperidae (about
3 cm of rostrum-anal length). It breeds in permanent, semi-
permanent and temporary bodies of water; and the eggs are
laid in foam nests attached to grass stems at the margin of the
pond. Males of Physalaemus cuvieri call on the water surface,
floating by the inflation of vocal sacs and lungs. Aggressive
interactions among males are frequently observed, mainly
during the period of high activity levels (Barreto and Andrade,
1995). Studies using genetic molecular markers (microsatellite
and RAPD) to evaluate the variation and population genetic

Gene flow; Genetic structure; Molecular marker

structure of P. cuvieri have shown relatively low dispersion
rates, high habitat fidelity and specificity (Telles et al., 2006;
Conte et al., 2011).

Currently in Brazil one of the greatest scientific challenges
is to reconcile strategies that avoid the loss of an important
part of biodiversity with economic development, mainly
related to agricultural activities (Ewers, 2005). The Atlantic
Forest and Cerrado were the most degraded biomes during
this process of human occupation, making small and isolated
fragments be the only current representatives of native
vegetation as well as its characteristic fauna (Ranta et al., 1998;
Oliveira and Marquis, 2002). These small fragments are still
very important for maintaining the diversity of amphibians,
since they serve as a refuge for animals during the dry season,
as a day shelter during the breeding season, a foraging area
and even as dispersal corridors (Silva and Rossa-Feres, 2007;
Silva and Rossa-Feres, 2011). According to the same authors,
these fragments collaborate with the maintenance of regional
rainfall regimes, essential for the survival of most species of
anurans.

One important component of biodiversity is genetic
variability; with the popularization of molecular techniques
it has become a tool for determining more accurately whether
a population does or does not have the minimum attributes
for maintenance or if it is at risk of extinction (Nei et al., 1975;
Leberg, 1992). Thus molecular techniques have been used
for several studies of anurans, and the most commonly used
markers are allozymes (Spasic-Boskovic et al., 1999; Bisconti
et al., 2011), RAPD (Telles et al., 2006; Silva et al., 2007),
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mitochondrial DNA (Vences et al., 2005; Funk et al., 2007) and
microsatellites (Martinez-Solano and Garcia-Paris, 2005; Conte
etal., 2011).

ISSR (Inter Simple Sequence Repeat) analysis has recently
been used, since it produces excellent results and also has very
low cost compared to other techniques. In ISSR, fragments are
amplified via PCR, obtaining dominant markers and using
only one primer (anchored microsatellite sequences) composed
of three or four repeating units of a microsatellite (often 18-20
base pairs) that may or may not have one to four degenerate
nucleotides anchored in the 3 ‘or 5 ends (Zietkiewicz et
al., 1994). The amplified genomic segment is the one that
lies between two blocks of microsatellite. Thus a previous
knowledge of the region to be amplified is not necessary,
nor a time-consuming and expensive step of genomic library
construction (or cloning and sequencing) as with microsatellite
markers. The greater reproducibility is an advantage that
makes the ISSR more promising than RAPD, due to the use
of longer primers which allows the use of high annealing
temperature (45-60 °C) leading to higher stringency (Reddy et
al., 2002), and increasing the repeatability of experiments (for
review, see Semagn et al., 2006).

The extinction of genetically unique populations has largely
taken place since 1900 as a result of habitat destruction, pollution
and overexploitation. The main agents that cause a species to
lose genetic variability are the isolation of populations and the
reduction of the population effective size. These reductions may
result in a decline in fitness and eventual extinction (Carvalho
and Hauser, 1998). The present study provides preliminary
data of the pioneering use of the ISSR technique in Neotropical
anurans to estimate the intra- and interpopulation genetic
diversity in populations of P. cuvieri, and verify the effectiveness
of this technique to generate data that may support proposals for
the conservation of threatened forest fragments.
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MATERIAL AND METHODS

Three populations of P. cuvieri from Sao Paulo (SP): Engenheiro
Schmidt (20°51’58.45”S; 49°18’29.07”W), Nova Itapirema
(21°05"60.00”S; 49°31'60.00”W), Talhado (20°40'51.01”S;
49°17’34.57”W), and a population from Parand (PR):
Marmeleiro (26°08'58.43”S; 53°01'31.77”W) were sampled
(Fig. 1). Since this is a preliminary study for presenting
new and useful information on the utility of ISSR marker to
assess the genetic variability in Neotropical anurans, only
five male individuals were collected from each population
(we suggest increasing the sample size and the number of
populations for inferences on the genetic structure and for
conservation purposes); they were anesthetized and sacrificed
in the laboratory by benzocaine saturation. Fragments of
liver were removed and stored in 100% ethanol for DNA
extraction, which was performed with GenElute™ Mammalian
Genomic DNA Miniprep Kit (Sigma-Aldrich) following the
manufacturer’s instructions.

For the amplification of ISSR fragments, the following
primers were previously selected and used (GGAC),A,
(GGAQ),C, (GGACQ),T and (GGACQ),. The conditions for DNA
amplification via PCR were as recommended by Fernandes-
Matioli et al. (2000), with modifications. The amplification
reaction mixture consisted of Tris-KCl, 2 mM MgCl,, 0.92 mM
primer, 0.38 mM dNTP, 1 U/ reaction Taq DNA polymerase,
DNA (10 ng) and enough water to make up a volume of 13
uL. The amplification reactions were performed in Eppendorf
Mastercycler Gradient thermocycler scheduled for 4 cycles of
45s at 94 °C, 1 min at 51 °C and 1 min at 72 °C, followed by 29
cycles of 45s at 94 °C, 1 min at 48 °C and 1 min at 72 °C. After
the last cycle of amplification, the reaction mixture was cooled
and maintained at 4 °C. Negative controls without DNA were
included in each set of amplifications. After amplification,

samples consisting of 7 uL of PCR reaction
mixture were subjected to electrophoresis on
1.4% agarose gels and stained with ethidium
bromide (0.2 wg/mL). Electrophoresis was
performed in TBE buffer (Tris-borate), 5 V.em’
1, for 4 hours; the amplified fragments were
visualized under ultraviolet light and the gel
was photographed for analysis. The size of
the fragments was estimated by comparison
with 100 bp ladder marker (Invitrogen ™). The
fragments of ISSR were treated as dominant

BOLIVIA

= -

markers and judged as binary characters:
present (1) or absent (0), so a binary matrix
was produced and from it were estimated the
indices of genetic diversity within and among
populations. The accuracy of band assignment
was studied by repeating in a minimum
of five replicates; the bands were bright
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Figure 1: Map of sampling sites of P. cuvieri populations in Brazil: Marmeleiro-PR
(®), Nova Itapirema-SP (-¢-), Eng. Schmidt-SP (A) and Talhado-SP (m).

enough that presence/absence scoring was not
confounded by simple intensity differences and
the bands were distinct enough in size from the
surrounding bands.

The pairwise genetic distance matrix
between individuals was obtained by the
Jaccard similarity index, and used to construct
the Neighbor-Joining dendrogram with the
program FreeTree and Mega 3.1. The scatter
plot of principal coordinates was constructed

1.200 Km A



MORESCO ET AL. Biol Res 46, 2013, 53-57 55

using the programs DistPCoA and Statistica 7.1. Genetic
differentiation was examined by applying the Mantel test,
with 10,000 permutations for the Jaccard similarity matrix
using the Mantel-Struct 1.0 program. The analysis of molecular
variance, expected heterozygosity and the value of genetic
differentiation (Fg;) were obtained using the program Arlequin
3.5.1.2. The linear regression between Fq; and geographic
distance was carried out using Statistica 7.1 using the data in
Table 1.

RESULTS

Of the 65 loci scored 58 were polymorphic, with 0.797
intrapopulation variation and 0.203 interpopulation variation.
The polymorphic vs. total number of loci per each primer
was: 15/17 for the (GGAC),A primer; 15/17 for the (GGAC),C
primer, 14/16 for the (GGAC),T primer and 14/15 for the
(GGAC), primer. Primer (GGAC),A produced a fragment of
250 bp uniquely from the population of Marmeleiro-PR and
another fragment of 210 bp uniquely from populations of SP.
The amplified fragments ranged from 200 to about 1,500 bp
(Fig. 2A).

The dendrogram analysis identified two main groups
whose compositions show that there is a clear relationship
between genetic distance and geographical distance, and the
population of Marmeleiro-PR proved to be differentiated from
the other populations analyzed (Fig. 2B). The scatter plot of
principal coordinates built with the two major eigenvectors
(0.245 and 0.122 of variation, respectively),
also obtained with the Jaccard similarity
index, corroborates the dendrogram, since it
shows that the population of Marmeleiro-PR is
separated from the SP populations (Fig. 2C).

Genetic differentiation among populations
of P. cuvieri quantified by the Mantel test
showed no significant correlation only between
the populations of Eng. Schmidt-SP and
Talhado- SP (the smallest geographic distance),
showing that these populations are not
genetically differentiated (p = 0.473, r = -0.011
and Z, 449 < Z). Values of genetic dissimilarity,
which is the genetic variability within and
among populations, were also obtained through
this test (Table 1). The intrapopulational
genetic dissimilarity was almost the same for
all populations, being 0.469 in the population

that genetic dissimilarity is related to geographical distance, as
the correlation between F¢; and geographic distance (p = 0.002,
r =0.966) (Table 1, Fig 3).

DISCUSSION

Although the studied populations of P. cuvieri are present in
small preserved fragments of Atlantic Forest and Cerrado, the
genetic variability present is high (around 0.45), and 0.797 of
all variation is intrapopulation. A similar result was found
by Telles et al. (2006) in a study with RAPD marker in 214
individuals from 18 populations of P. cuvieri, where most of
the genetic variation was found among individuals of the
same fragment (0.898). When the authors analyzed only the
6 local populations with more than 12 individuals (12 to 23
individuals), the result obtained was qualitatively similar,
and indicated that unbalanced sample sizes and the relatively
small sample size in some populations did not qualitatively
affect the evaluation of overall population genetic structure
(using AMOVA and Bayesian estimate of OF). In relation
to the expected heterozygosity (H,), our study showed
high values ranging from 0.46 to 0.51. Similar results were
obtained by Conte et al. (2011) using microsatellite markers
in 85 individuals from 5 populations (14 to 21 individuals/
populations), with high observed heterozygosities (H, ) ranging
from 0.31 to 0.59 (and H, ranging from 0.30 to 0.58). As already
shown in other studies, forest fragments can contribute to the
maintenance of species diversity of frogs (Silva and Rossa-

of Marmeleiro-PR; 0.449 in Nova Itapirema-
SP; 0.454 in Eng. Schmidt-SP and 0.446 in
Talhado-SP. The expected heterozygosity was
almost the same for all populations; 0.513 +
0.101 in Marmeleiro-PR; 0.488 + 0.101 in Nova
Itapirema-SP; 0.457 + 0.091 in Eng. Schmidt-SP
and 0.506 + 0.101 in Talhado-SP. The index of
interpopulation genetic differentiation (Fgy;) was
high between populations of the two different
regions PR/SP (Fg = 0.25), moderate among
the population of Nova Itapirema and the other
two SP populations (0.25> F¢; = 0.05), and not
different among the populations of Schmidt and
Talhado (Fg; < 0.05). These results corroborate
the genetic difference among Marmeleiro-PR
population and SP populations, and indicate

Figure 2: Analysis of P. cuvieri populations using ISSR markers: (A) agarose gel
electrophoresis of PCR products obtained from the amplification of DNA samples
using the primer (GGAC)3T; (B) Neighbor-joining dendrogram based on Jaccard
similarity index with 10,000 bootstrap resamplings. (C) Scatter plot of main
coordinates based on Jaccard similarity index. (L) 100 bp ladder, (®) Marmeleiro-
PR, (4¢-) Nova Itapirema-SP, (A) Eng. Schmidt-SP and (m) Talhado-SP.
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TABLE 1

Pairwise comparisons of Physalaemus cuvieri populations.

Pairwise comparisons Distance F P r z zZ . G‘en'etic.

(Km) ST 10000 dissimilarity
Marmeleiro-PR x Nova Itapirema-SP 663.88 0.359 0.007 0.861 15.849 13.900 0.634
Marmeleiro-PR x Eng. Schmidt-SP 699.08 0.292 0.009 0.759 14.854 13.383 0.594
Marmeleiro-PR x Talhado-SP 717.33 0.288 0.007 0.687 14.679 13.228 0.587
Nova Itapirema-SP x Eng. Schmidt-SP 35.40 0.072 0.114 0.185 11.871 11.611 0.475
Nova Itapirema-SP x Talhado-SP 53.42 0.058 0.183 0.145 11.668 11.446 0.467
Eng. Schmidt-SP x Talhado-SP 21.06 -0.005 0.473 -0.011 11.208 11.220 0.448

Approximate distance (km), interpopulation genetic differentiation index (F;), significance level (p), correlation of two matrices (r), robustness of the relation original data
(2) and after 10,000 permutations (Z, oqo), genetic dissimilarity using Jaccard Coefficient.

r=0.966
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Figure 3: Linear regression between FST and geographic distance
among P. cuvieri populations.

Geographic Distance

Feres, 2007; Silva and Rossa-Feres, 2011), and the present study
supports that the genetic diversity can also be maintained, and
thus the populations would be potentially more protected from
the extinction factor due to environmental changes.

Gene flow is geographically restricted to nearby
populations, indicated by Fg; that increases in direct
proportion to the distance. In our study, this correlation was
observed, where the highest Fy; occurred between populations
of the two different regions PR/SP (distance = 663.8 Km;
Table I, Fig. 3). Similar results were obtained in P. cuvieri by
Conte et al. (2011) using microsatellite markers, with high Gg;
values (Gg; = 0.20) observed between populations isolated by
long distances (ranging from 381 Km to 2936 Km). Telles et
al. (2006), in RAPD studies with P. cuvieri at a much smaller
spatial scale, indicate that genetic similarity among local
populations tends to be slightly larger than expected by chance
alone. Lampert et al. (2003), working with populations of
Physalaemus pustulosus separated by 260 meters on average,
that is, a very small range of spatial distance, showed
strong positive correlation between genetic and geographic
distances. Although genetic diversity can be produced by

mutation, genetic drift and selection, the differentiation
between populations tends to increase with the absence of
gene flow, and these data can contribute to the identification
of evolutionarily significant units (ESUs) (Varvio et al., 1986).
The preservation of ESUs maximizes the potential for future
evolutionary success of species or population groups of species
(Hey et al., 2003). The use of ESUs as targets for conservation
actions is increasing, so it is very important that preliminary
studies identify quickly, accurately and correctly an ESU. In
the present study it was possible to determine by the ISSR
marker that the level of interpopulation genetic differentiation
is high among the population of Marmeleiro-PR and other SP
populations (Fg; > 0.288), suggesting that this population has a
genetic composition quite different from the others.

The frequent occupation of many areas of agriculture and
livestock has reduced many characteristic biomes of Brazil to
small fragments, surrounded by a landscape highly modified
and degraded with an edge effect greatly increased, which is
reflected in changes of abiotic factors resulting from the abrupt
transition between two adjacent ecosystems that affect population
dynamics (Murcia, 1995; Rambaldi and Oliveira, 2003). Decreases
in the potential for dispersal of species, the number of species and
population size can also be observed, resulting in reduced genetic
variability (Fahrig, 2003). According to Ohmer and Bishop (2011),
studies from the last two decades indicate climate change and
habitat loss as the factors most related to the worldwide decline of
amphibians. Nevertheless, the small fragments are often the last
remnants of a biota and play an important role in the preservation
of these species (Silva et al., 2011).

As recommended by Fraser and Bernatchez (2001) and
Aleixo (2009), the degree of vulnerability of an ESU should
be assessed at the planning stage of conservation, to prevent
a species listed as threatened from losing one of its ESUs
before conservation action. The ISSR proved to be an efficient
and useful molecular marker for the preliminary diagnosis of
genetic diversity in populations of amphibians; it has a low
cost, high repeatability and produces quick results, since it
does not require prior knowledge of sequence to be amplified.
Moreover, for the preliminary diagnosis of genetic diversity,
the limited sample size should be compensated by a higher
number of loci per sample. Thus it can be used as a tool for
future conservation projects, helping in making decisions
about the preservation of fragments, and identification of ESUs
before they are threatened.
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ABSTRACT

In the past two decades, Chile has developed intense mining activity in the Andes mountain range, whose altitude is over 4,000 meters
above sea level. It is estimated that a workforce population of over 55,000 is exposed to high altitude hypobaric hypoxia. The miners work
under shift systems which vary from 4 to 20 days at the worksite followed by rest days at sea level, in a cycle repeated for several years.
This Chronic Intermittent Hypoxia (CIH) constitutes an unusual condition for workers involving a series of changes at the physiological,
cellular and molecular levels attempting to compensate for the decrease in the environmental partial pressure of oxygen (PO,). The mine
worker must become acclimatized to CIH, and consequently undergoes an acute acclimatization process when he reaches the worksite and
an acute reverse process when he reaches sea level. We have observed that after a period of 3 to 8 years of CIH exposure workers acclimatize
well, and evidence from our studies and those of others indicates that CIH induces acute and chronic multisystem adjustments which

are effective in offsetting the reduced availability of oxygen at high altitudes. The aims of this review are to summarize findings of the
physiological responses to CIH exposure, highlighting outstanding issues in the field.

Key words: High Altitude, Mine Workers, Intermittent Hypoxia, Acclimatization, Chilean Model.

1. GENERAL CONCEPTS

High altitude-induced hypobaric hypoxia involves a series
of adaptive changes in multiple physiological systems in
exposed individuals. Based in our findings and those of
others, in this review we summarize the main physiological
responses observed in mine workers intermittently exposed to
hypobaric hypoxia. The literature on the occupational health of
high-altitude exposed workers has been recently reviewed by
Vearrier and Greenberg, 2011.

Hypobaric hypoxia occurs as a consequence of the low
partial pressure of oxygen (PO,) in the inspired air, resulting
from the low barometric pressure found at high altitudes. A
lower arterial PO, in turn initiates a physiological response
attempting to maintain tissue oxygenation. One parameter
used to determine respiratory response and the transport
of oxygen in the blood to the tissues is percent hemoglobin
saturation (%Sa0,), which can be estimated with a portable
device. At sea level values fluctuate between 95 and 97%;
values below 90% Sa0, are associated with pathological
situations such as respiratory failure (Farias et al., 2006). An
effect produced by exposure to hypobaric hypoxia is the well
known Acute Mountain Sickness (AMS), whose symptoms
include headaches, vomiting, fatigue, loss of appetite and sleep
disturbances (Hackett et al., 1976, Leén-Velarde et al., 2010).

The acute response to hypoxia depends mainly on 4 factors:
a) the altitude reached, i.e. the degree of hypobaric hypoxia, b)
the rate of climb, c) individual susceptibility, and d) physical and

environmental requirements in the ascent and arrival. It is known
that upon exposure to 2,500 m altitude the problems associated
with hypobaric hypoxia begin, with the consequent challenges
for the individuals exposed (Ledén-Velarde et al., 2005).

The lower availability of oxygen at high altitudes triggers
physiological mechanisms that first seek to protect oxygen
transport to the tissues, inducing mainly respiratory and
cardiovascular adjustments. The increase in ventilation
depends on the activity of the peripheral chemo receptors,
particularly those located inside the carotid bodies that detect
changes in arterial PO, and transmit sensorial information to
regulate breathing (Prabhakar ef al., 2000). Some data indicate
that enzymes present in all mammalian cells, especially
hydroxylases, are sensitive to moderate hypoxia and their
activity may be controlled at several other levels, which
provides flexibility to the physiological responses to hypoxia
(Schofield and Ratcliff, 2004).

Important factors in personal susceptibility to hypoxia
are the presence of sensitive oxygen sensors and effective
physiological adaptations. Based on susceptibility to hypoxia,
exposed individuals may be classified as good responders,
who tolerate and acclimate without symptoms; a group with a
low response and temporary minor symptoms that may limit
performance; and poor responders, who display low sensitivity
to hypoxia and ineffective compensatory physiological
responses.

Residency in high altitude locations exposes humans to
ambient hypobaric hypoxia, thus Chronic Hypoxia exposure
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refers to groups of people who live for generations at high
altitudes or are occasionally exposed to short periods (days)
of normoxia. Acute Hypoxia refers to individuals who live at
sea level and are exposed to high altitudes for only minutes,
hours or days, as in the case of mountain climbers. Periodic
intermittent exposure to high altitudes, as in the case of the
Chilean miners who work at altitudes over 4,000 m is called
Chronic Intermittent Hypoxia (CIH) (Richalet et al., 2002;
Vargas et al, 1989; Farias et al., 2006). Mining workers at high
altitudes must adjust to the requirements of hypobaric hypoxia
for some days and then return to sea level, where they lose
some of the acclimatization to hypoxia, depending on the time
in normoxia. This model of exposure to hypobaric hypoxia,
named the Chilean model or CIH exposure, has received
increased attention in recent years (Casanegra et al., 1993;
Chamorro et al., 1993; Jalil et al., 1994; Jimenez 1995; Richalet et
al., 2002; Farias et al., 2006; Brito et al., 2007).

2. ACCLIMATIZATION TO INTERMITTENT EXPOSURE TO
HIGH ALTITUDES

The term ‘altitude acclimatization’ describes the processes
whereby lowland humans and animals respond to reduced
PO, in the inspired air. It refers only to the changes in response
to hypoxia seen as beneficial, as opposed to changes that are
pathological and result in illness such as AMS (West et al.,
2007; Vearrier and Greenberg, 2011). Altitude acclimatization
involves a series of adaptive physiological adjustments that
compensate for the reduction in ambient PO, (see Figure 1)
and is the best strategy for the prevention of AMS (Forgey,

2006) Altitude acclimatization allows people to achieve their
maximum physical and cognitive work performance possible
for the altitude once they are acclimatized (Fulco et al., 2000).

2.1.. Physiological effects of intermittent hypobaric hypoxia.

Cyclical exposure to high altitude triggers responses
throughout the route of oxygen, beginning with the carotid
chemoreceptors and including ventilatory responses,
pulmonary circulatory adjustments, the alveolar/capillary
barrier, erythropoietin, hemoglobin, adjustments in the
distribution of intra and extravascular fluid, changes in acid-
base conditions, PO, PCO, and O, delivery at the cellular
level, with modifications in the peripheral capillaries and
mitochondrial enzyme optimization.

One type of intermittent exposure to hypobaric hypoxia
occurs with exercise training at high altitude; endurance
athletes have evolved different models of exposure with
the ultimate goal of increasing athletic performance at sea
level. The most used models are Live High (at altitude) and
Training Low (at sea level) LH-TL, Live High-Train High LH-
TH, Intermittent Hypoxic Exposure (IHE) and Intermittent
Hypoxic Training (IHT) (Wilber, 2007). With the aim of
using altitude acclimatization to enhance aerobic capacity
via hypoxia-induced increases in serum erythropoietin and
hemoglobin concentrations, athletes either live and/or sleep in
hypoxia (natural or artificial). Also, by stimulating ventilation
and better oxygen saturation, the increased aerobic capacity
improves muscle oxygenation and increases exercise tolerance.
Based on studies of maximum oxygen uptake (VO,max) and
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(maximum) power output, training at high altitude does not
consistently result in increased exercise performance at sea
level, with some evidence indicating benefits of training at
high altitude on exercise performance at altitude (Vogt and
Hoppeler, 2010). A great individual variability in responses has
been observed and although some debate still exists in terms
of the efficacy of the different models, combinations of them
are being recently explored to improve results (see Millet et al.,
2010 for review). From a research standpoint this experience
has served to learn more about how hematological, aerobic and
muscle responses are modulated by intermittent hypoxia (de
Paula and Niebauer, 2012).

Other forms of intermittent exposure to hypoxia occur
in several diseases such as chronic obstructive pulmonary
disease, congestive heart failure, obesity-hypoventilation
syndrome and obstructive sleep apnea, where hypoxia
and normoxia occur at the same barometric pressure. This
intermittent isobaric hypoxia is called recurrent or cyclic
intermittent hypoxia (CyIH) (Gilmartin et al., 2008). The study
of the relationships between CyIH and cardiovascular disease
has seen significant progress; however the physiological
mechanisms linking them remain unknown. Both animal
(Fletcher et al., 1992; Brooks et al., 1997) and human (Peppard
et al., 2002) models showed increases in arterial blood pressure
after CIH exposure with enhanced chemosensitivity being
invoked as a contributor to the CIH-induced increased blood
pressure (Tamisier ef al., 2009).

CIH exposure in no altitude native Chilean miners differs
from the IHT/IHE and CyIH because it involves alternating
between normobaric normoxia and hypobaric hypoxia. The
CIH model has gathered interesting information about the
characteristics of acclimatization to CIH, particularly in
relation to the effects of hypoxia, but there is also evidence
that hypobaria is playing a role. For example, studies showing
different heart rate variability responses in normobaric hypoxia
versus hypobaric hypoxia suggest that these two exposure
conditions are clearly not equal stimuli to the cardiovascular
and respiratory systems (Basualto-Alarcén et al., 2012).

The long term adjustments in CIH tend to resemble those in
chronic hypoxia at the level of ventilatory and cardiovascular
responses, red cell mass and cardiac B-adrenergic receptors,
among others. Considering exposure to the same altitude
however, there is a difference in the time needed to complete
acclimatization. Whereas acclimatization to chronic hypoxia
is achieved in few months, CIH acclimatization is achieved
in years, with stabilization of biomedical variables being
observed after 18 months of exposure (Richalet et al., 2002;
Jimenez, 2003).

2.2. Polycythemia and Pulmonary Hypertension

Some of the body’s first strategies when man or other animals
not genetically adapted to high altitudes are subjected
to hypoxia are expressed as metabolic, respiratory and
cardiovascular adjustments. The increased production of red
blood cells that improves oxygen transport capacity from
the lungs to the tissues is one of them (Richalet, 1990). In
the kidney, hypoxia stimulates the secretion of the hormone
erythropoietin (after 2 to 3 hours of exposure to high altitude),
which in turn stimulates the production of red blood cells by
the bone marrow. This increase in erythropoiesis becomes the

essential mechanism of long term acclimatization (Eckardt et
al., 1989).

In a study performed in Chilean mine workers, Richalet et
al., 2002 showed that hematocrit increased both at sea level and
at high altitude after 12 and 19 months of CIH, and returned
to pre-exposure values after 31 months of CIH exposure. The
risk of polycythemia was lower than in chronic highlanders
(Richalet et al., 2002). In another study of subjects exposed
to CIH for 12 years or more to a 4 x 3 commuting system (4
days at altitude and 3 days at sea level) at 3,550 m altitude,
hematocrit and hemoglobin reached lower values than for
residents at altitude over 4,000 m (Brito et al., 2007).

According to the Venice Symposium Consensus,
pulmonary hypertension (PH) is defined as a mean pulmonary
artery pressure (PAP) > 25mm Hg in conjunction with right
ventricle (RV) and right atrium (RA) enlargement (McLaughlin,
2004). PH is described as a marker of chronic exposure to high
altitude-induced hypoxia; a direct relationship exists between
PAP and the altitude reached (Petialoza and Arias-Stella,
2007). The development of high-altitude PH is one of the main
physiological changes observed in a poor response to hypoxia,
and in people who permanently live at high altitudes the
prevalence of PH increases from 5 to 10% (Leon-Velarde et al.,
2005).

A 32-month prospective study performed in Chilean miners
exposed to CIH in a 7 x 7 commuting system at 4,500 m a.s.l.
showed that PAP increased in hypoxia, but further evidence of
PH was not observed (Antezana et al., 2003). Moreover, values
of PAP were lower than in subjects living permanently at high
altitude (Richalet et al., 2002; Hultgren, 1997). Similar results
were observed in a 24-month follow-up of workers exposed to
CIH in a 28 x 28 commuting system at 3,700 m a.s.l. at Kumtor,
Kyrgyzstan (Saryvaeb et al., 2003). However in subjects with
more than 12 years of exposure to CIH, a 4% prevalence of
PH was observed (Brito et al., 2007). Thus polycythemia and
PH are some of the main chronic changes during exposure to
chronic hypoxia and CIH at high altitude (Pasha and Newman,
2010; Leon-Velarde et al., 2010; Brito et al., 2007).

Obesity, defined as a body mass index above 30 kg/m?, has
been reported to be a risk factor for the development of PH at
high altitude, and obesity-related hypoventilation has been
reported to be the primary mediator of the increased risk for
this disorder (Valencia et al., 2004).

2.3. Physiological response to Exercise

Exercise tests are often used to elucidate the effects of high
altitude hypoxia on aerobic capacity. We used two different
protocols of exercise to test the degree of acclimatization and
the response to exercise during high altitude induced-CIH. The
response to sub-maximal exercise (workload of 100 watts in a
stationary bike) was used as a test of acclimatization. In mine
workers exposed to CIH in a 7 x 7 commuting system at 4,500
m for a period of 2.5 years, blood pressure, heart rate and artery
oxygen saturation during resting and during exercise were
measured. CIH resulted in a useful degree of acclimatization
that was maintained over a period of three years (Farias et
al., 2006). Conversely, another group of workers exposed
intermittently to high altitudes showed that the cardiovascular
response to a sub-maximal exercise load does not change
between the first and fourth day of shifts at high altitudes (Jalil
et al., 1994). In order to test long term effects of CIH exposure
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on exercise performance we used Aerobox sessions. Aerobox
is a high-energy exercise regime that combines moves from a
range of martial arts disciplines. Methodologically, the phases
of a 45 min Aerobox training session are warm up, main phase
(with the highest cardiovascular impact), localized phase (such
as pushups and abdominal exercises) and recovery phase (this
phase allows time for the blood vessels and the heart to resume
their normal status).

Studies performed by Osorio in 2005 (unpublished) on 12
workers acclimatized to CIH performing Aerobox sessions
at 4,000 m altitude indicated that the lowest level of oxygen
saturation appears in the cardiovascular phase, with 83%
Sa0, (Table 1). Heart rate (HR) reached a higher level in the
cardiovascular phase with 159 bpm. Considering that the
heart rate at maximum exercise (HRmax) for this group is
172 bpm (Astrand, 1952; Fox et al., 1971; Richalet et al., 2002),
HR during the cardiovascular phase reached 92%HRmax, a
value considered adequate for training at maximum aerobic
capacity (American College of Sports Medicine, 2000; Skinner
et al., 2003). In the localized phase 59% HRmax was observed,
indicating that the cardiac rhythm is within the physiological
limits recommended for aerobic training (American College of
Sports Medicine, 2000); Skinner et al., 2003). The high level of
HR observed during exercise corresponds to a group trained
and acclimatized to high altitudes.

Richalet et al., (2002) found that maximum oxygen
consumption (VO,max) decreased significantly with time of
CIH exposure. Only part of this decrease can be attributed
to the decrease in maximum heart rate induced by the
downregulation of f-adrenergic and upregulation of muscarinic
receptors (Richalet et al.,, 1992). A detraining effect of CIH
exposure and/or sedentary living during the resting periods at
sea level are probably also responsible for this effect (Richalet et
al., 2002). A lack of physical activity during mining work could
be another reason to explain the reduction in VO,max.

2.4. Cardiovascular response

Andean mountain medicine has repeatedly shown that
populations chronically exposed to altitude have low incidence
of hypertension, atherosclerosis and myocardial infarction
(Mortimer ef al., 1977; Naeije, 2010). To what extent these
characteristics depend on chronic hypoxia exposure, racial
or nutritional factors has not yet been elucidated (Gamboa,
2003). Similarly, it has been recognized that long-term high-
altitude hypoxia exposure protects the heart against ischemia
/ hypoxia injury, inducing a reduction of infarct size during
acute ischemia. The relaxing effects of hypoxia on arterial
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smooth muscle cells may be proposed as contributors to
this protection, as this vasodilatation tends to counteract
polycythemia-induced blood viscosity (Hurtado, 1960).

Overall, the initial cardiovascular effects of altitude
exposure involve an acute response associated with
increased HR, blood pressure, cardiac output and myocardial
contractility. Over time, during chronic hypoxia cardiac output
decreases at levels lower than pre-exposure, accompanied
by a decrease in sympathetic activity secondary to cardiac
B-adrenergic receptor desensitization (Richalet, 1990).

Multiple mechanisms are involved in the cardioprotection
induced by CIH. Hypobaric CIH preserves myocardial
contractility and prevents apoptosis of cardiomyocytes (Beguin
et al., 2007, Zhu et al., 2006, Dong et al., 2003, Zhang et al., 2004),
increases coronary flow and myocardial capillary angiogenesis,
activates ATP-sensitive K* channels and inhibits mitochondrial
permeability transition pores (Zhong et al., 2002, Zhu et al.,
2003). A rat model of CIH has also provided evidence that
CIH attenuates p-adrenergic receptor activity by decreasing
B-adrenergic receptor density and affinity in the right ventricle,
and these alterations in the B-adrenergic receptor may
contribute to cardiac protection in CIH (Guan et al., 2010).

In miners exposed to CIH for 31 months, blood pressure
initially increased followed by a reduction, but remained slightly
elevated compared to blood pressure measured at sea level; also
a reduction in pulse and a slight dilation of the right ventricle
were observed (Richalet et al., 2002; Farias et al., 2006). A study
performed on Chilean soldiers exposed to CIH for more than 12
years revealed an increase in the amount of triglycerides and a
reduction in LDL cholesterol (Brito et al., 2007).

Autonomic control in high altitude-exposed subjects has
been studied using the non-invasive technique of power
spectral analysis of HR (heart rate variability; HRV). Variables
usually determined included power in the low (LF, 0.04-
.0.15 Hz) and high (HF, 0.15-0.4 Hz) frequency ranges of the
heart period spectrum, among others. Analyses showed an
increase in the LH/HF ratio during acclimatization (Sevre
et al., 2001). Since HF power is assumed to be a marker of
parasympathetic activity and LF power to be a combination
of both parasympathetic and sympathetic tonic activity, it
has been concluded that the sympathetic tone is less reduced
than the parasympathetic control of HR upon high-altitude
exposure (Sevre et al., 2001; Cornolo et al., 2004).

2.5. Metabolic response and metabolic rate

High altitude-induced hypoxia alters the regulation of
substrate metabolism favoring carbohydrate oxidation,

TABLE 1
Hemoglobin saturation (Sa0,, %) and heart rate (HR, bpm) values during Aerobox sessions at 4,000 m altitude in workers acclimatized to
CIH.
Aerobox Sessions (phases)
Resting Warming up Main Localized Recovery
Sa0,, % 90+3 89 +2 83+2 90+6 92+4
HR, bpm 83.5+4.3 89.2+5.6 159 £ 10 101 £ 9.6 90.6 + 8.8

(mean = SD, n=12)
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as an adaptive mechanism to the limited ATP supply due
to a diminished oxidative phosphorylation caused by
the reduction in the available oxygen. Thus cells increase
anaerobic glycolysis through positive regulation of the
glycolytic enzymes and decrease the activity of some ATP
consumers, e.g., Na*-K* ATPase. Invariably acclimatization
to high altitudes results in the increased use of blood sugar
(Brooks et al., 1991). It has also been demonstrated that
acclimatization to hypobaric hypoxia selectively reduces
key enzymes responsible for lipid oxidation in heart, liver
and skeletal muscle. Therefore, the greater dependency on
blood sugar than on lipid metabolism probably contributes
to the maintenance of homeostasis by optimizing the energy
performance per unit of oxygen (Kennedy et al., 2001). We have
studied the relationships between oxidative mitochondrial
phosphorylation and oxygen consumption during chronic or
intermittent hypobaric hypoxia exposure. Using a rat model of
exposure to simulated conditions of continuous or intermittent
high altitude (Farias et al. 2005a, Farias et al., 2005b) we
observed a greater inhibition of oxygen consumption in
spermatid cells in chronic versus intermittent hypobaric
hypoxia (inhibition of 80% wvs. 57%, respectively), in the
presence of the mitochondrial H*-ATPase inhibitor oligomycin.
Similar oxygen consumption in both hypoxic treatments was
observed after uncoupling of the oxidative phosphorylation,
suggesting that continuous chronic hypobaric hypoxia is
associated with an uncoupling of oxidative phosphorylation.
Basal metabolic rate (BMR) increases during the first days
of exposure to high altitudes, apparently depending on the
altitude reached. Increases of 6% and 10% have been found
at altitudes of 3,650 and 3,800 m, respectively. As the days
progress BMR decreases, but does not reach sea level values.
For mountaineers who climb for 10 to 18 hours a day in high
altitudes, the largest proportion of their energy comes from
fats, and glycogen is only used for short and high-intensity
exercises. However, after 18 days at the moderate altitude of
4,300 m, Young et al. (1982) found that the muscular glycogen
at rest was lower than at sea level. Apparently, there are no
data available about the deposits of muscular and hepatic
glycogen at extreme altitudes, but with many more days of
intensive work and adequate caloric consumption, it would not
be surprising to find this reduced in liver and muscle (Young et
al., 1982). These findings suggest that in humans from sea level
chronically exposed to high altitudes, fat is the principal fuel
for exercise and the re-synthesis of the muscular glycogen can
be reduced. It is not clear whether this is an effect of altitude
or lower food consumption during hypoxia exposure. An
elevated metabolism in rats (Rennie et al., 1977) and humans
(Costill et al., 1977) has also been observed, indicating a saving
of muscular glycogen, probably through the inhibition of the
enzymes phosphofructokinase and pyruvate dehydrogenase.

2.6. Sleep quality

Travel to altitude is associated with a reduction in sleep quality
(Anholm et al.,, 1992). These symptoms can be relieved with
descent, simulated descent in a hyperbaric chamber or by
enhancing room air with oxygen (West, 2002). In addition,
travel to altitude results in a temporary reduction of rapid
eye movement (REM) sleep that appears to improve with
acclimatization (Anholm et al., 1992; Przybylowski et al.,
2003). In the study performed by Richalet et al., (2002) with

Chilean miners, sleep quality was altered during the first two
nights at high altitude (worse on the second night) and did
not ameliorate with time of exposure. In workers acclimatized
to CIH a poorer sleep quality at 3,800 m than at sea level was
observed. In this study some of the changes observed between
sea level and altitude were: greater number of arousals (10.4
vs. 28.7), higher apneas/hypopneas index (5.8 vs. 10.1), and
greater oxygen desaturation and periodic breathing (zero
vs. 9.8) (Vargas et al., 2002). Supplemental oxygen partially
reduced these differences between sea level and high altitude.

There is great concern regarding exposure to altitude of
obstructive sleep apnea (OSA) syndrome carriers, since their
cyclical reduction in %SaO, during sleep is exacerbated by
environmental hypobaric hypoxia. %Sa0O, is low during sleep
in altitude, and whereas the development of AMS has been
shown to be partially associated with low mean %SaO, in
sleep (Burgess ef al., 2004), positive airway pressure has been
shown to prevent the occurrence of AMS (Johnson et al., 2010).
Thus it is considered that untreated obstructive sleep apnea
is a condition incompatible with altitude. In turn, the effects
observed, including excessive daytime sleepiness and impaired
daytime function, can affect job performance.

In terms of the respiratory mechanisms contributing to
AMS, it has been long recognized that the ventilatory response
is reduced in people susceptible to AMS (Hackett et al.,
1982). Recently, in a group of people exposed to experimental
hypoxia (FIO, = 80% SaO,), the acute hypoxic ventilatory
response at 5 min (HVR5min) was greater in individuals
not susceptible to AMS compared to susceptible individuals
(Nespoulet et al., 2012). These results support the hypothesis
of low chemoreceptor sensitivity as a marker of AMS
predisposition (Moore et al., 1986), suggesting high chemo
sensitivity as a protective factor for AMS.

2.7. Oxidative stress

Reactive oxygen species (ROS) are produced by diverse
cellular processes and are considered to have beneficial and
harmful effects. Moderate concentrations of ROS mediate their
beneficial effects such as cellular defense against infections,
control of vascular tone, ventilation and erythropoietin
production, the induction of mitogenic responses and
modulation of several transduction signaling pathways.
Overproduction of ROS leads to their harmful effects due to
oxidative stress (for reviews see Droge, 2002 and Valko et al.,
2007).

Several reports indicate that exposure to high altitude
hypobaric hypoxia causes oxidative cellular damage. This
cellular oxidative stress appears directly related to the
altitude level and an increased production of ROS seems to be
responsible for these effects (Dosek et al., 2007). Concomitantly,
oxygen enrichment of room air is increasingly being used in
work stations at high altitude (West, 2002, 2003) and since the
production of ROS is favored at higher oxygen supply (Dosek
et al., 2007; Gonzélez et al., 2002), oxidative stress may be an
even more important factor in high altitude exposed workers.

The main cause of oxidative stress is the lower availability
of O, to be reduced to H,O by the enzyme cytochrome oxidase
in the mitochondrial respiratory chain. This produces an
accumulation of electrons that in the absence of sufficient
oxygen as final acceptor will form superoxide anion (O,)
which in turn produces hydrogen peroxide (H,0,) and the



64 FARIAS ET AL. Biol Res 46, 2013, 59-67

hydroxyl radical (OH') after reacting with water (Maiti et al.,
2006). The accumulation of these reduced equivalents formed
principally in complexes I and III of the electron transport
chain is known as “reductive stress” and can favor self-
oxidation of one or more mitochondrial complexes, such as
the redox pair ubiquinone-biquinol, as well as increasing the
NADH/NAD" ratio (Dosek et al., 2007). The accumulation of
free radicals of coenzyme Q, called ubisemiquinone, causes
the transfer of its unpaired electron to oxygen, generating
the superoxide radical anion (-O,). Although (O,) by itself
is not particularly harmful, it is a precursor of the highly
reactive hydroxyl radical (OH') and, through irreversible
condensation with nitric acid, forms peroxynitrite (ONOO)
(Manukhina et al., 2006). Oxidative damage may also be
produced by reductions in the antioxidant capacity, and it
has been established that during hypoxia the cellular systems
of redox defense are affected. Antioxidant enzyme activities
such as superoxide dismutase (SOD), glutathione reductase
(GSR) and glutathione peroxidase (GPX) are reduced (Maiti
et al., 2006). Other molecular events that also favor oxidative
stress induced by hypobaric hypoxia are the xanthine
dehydrogenase/oxidase system and the inducible isoform of
nitric acid synthase (iNOS). The former has been described as
a strong ROS generator in high altitude conditions, as hypoxic
cells generate greater amounts of ATP and cAMP by the
action of adenylyl kinase from two ADP. iNOS is up-regulated
during acclimatization, thus altering the balance of ROS/
NO, which recovers as time elapses (Dosek et al., 2007). The
alteration in this balance may be related to the microcirculatory
changes caused by hypobaric hypoxia expressed in AMS
and cerebral and pulmonary edemas (Dosek et al., 2007).
Finally, other factors that contribute to the development of
oxidative stress are exercise, UV radiation (which penetrates
the epidermis with greater aggressiveness in high-altitude
zones), lack of antioxidant supplements in the diet and the
oxidation of catecholamines (adrenaline, noradrenaline and
dopamine), which increases with altitude (Askew, 2002). The
high reactivity and oxidant properties characteristic of ROS
and free radicals result in overall damage that affects main cell
components including carbohydrates, proteins, lipids and even
DNA (Blokhina et al., 2003).

Little is known about the level of real oxidative damage
suffered by cell structures of the organs and tissues exposed
to a situation of high altitude. Moller et al., (2001) exposed 12
healthy individuals to an altitude of 4,559 m, which caused a
significant increase in the rupture of the DNA chain measured
in the urine. The damage was prominent in endonuclease-
III sites. Also, when a group of humans were exposed
simultaneously to an altitude of 2,700 m and cold conditions,
the peroxide lipid levels and the DNA damaged chain in the
urine increased up to 23% at 6,000 m and up to 79% at 8,848
m, indicating that the oxidative stress increases with escalating
altitude (Joanny et al., 2001). Thus, studies performed on
humans consistently describe that high altitude hypoxia
causes oxidative damage to lipids, proteins, and DNA chains.
This damage may be due to the increase in the production
of ROS and/or to the reduced antioxidant capacity. Given
their high content in unsaturated fatty acids, cell membranes
constitute a main target of ROS, with lipoperoxidation being
usually observed upon exposure to hypoxia (Behn et al., 2007).
In animal models, CIH (12 hrs per day, simulated 4,000 m
altitude for 6 months) increases lipoperoxidation and carbonyl

derivatives in skeletal muscle (Radak et al., 1994, 1997).
However, short exposure for 5 days to 7,576 m elevation causes
an increase in lipoperoxidation in plasma in rats (Kumar et
al., 1999). Maiti et al. (2006) also reported that exposure of 3
and 7 days to 6,100 m significantly increases ROS levels and
lipoperoxidation in various brain regions. It appears that
the effects of oxidative stress are systemic, as suggested by
Nakanishi et al. (1995), who reported that exposure to 5,000
m resulted in increased serum levels of malonydialdehyde
in lungs, liver, heart and kidneys in rats, whereas exposition
to a simulated altitude of 9,000 m causes increases in lipid
peroxidation of selected rat brain membranes (Rauchova et al.,
2012).

As previously stated, exposure to high altitudes reduces
activity and expression levels of antioxidant enzymes;
consequently the disruption in the efficiency of the antioxidant
systems due to the increase in ROS production by hypobaric
hypoxia leads to oxidative damage of macromolecules (Dosek
et al., 2007). A reduction in the activity of superoxide dismutase
(SOD) content in skeletal muscle has been reported in rats
exposed to intermittent hypobaric hypoxia (Radak et al., 1994).
Reduction in the activity of glutathione peroxidase (GPX) has
also been shown in the liver of rats exposed to high altitude
(Nakanishi et al., 1995), whereas Imai et al. (1995) compared
GPX activity of high altitude residents (4,000 m) to individuals
from sea level, finding that high-altitude dwellers had lower
levels of GPX activity. Nevertheless, it has been observed
that catalase (CAT), SOD and also the heat shock proteins
lead to the stabilization of cell membranes and restriction of
apoptosis, alleviating the oxidative effect when subjected to
hypobaric hypoxia (Manukhina et al., 2006). Rat myocardia
cells, for example, presented high levels of SOD and CAT after
CIH exposure to 3,500 m (Ning et al., 2000). Additionally, our
studies of expression and activity of glutathione reductase
(GR) in CIH found no differences in GR expression, but lower
activity in testes and epididymis in CIH exposed rats (Farias
et al. 2010). However, we observed that melatonin decreased
lipid peroxidation in heart, kidneys and lung under CIH
conditions, but melatonin did not exhibit any protective effect
in liver, testis, epididymis sperm count (Farias et al., 2012). It
is generally accepted that testicular and seminal ROS levels
are important in terms of the deleterious effects of hypoxia on
male fertility (Reyes et al., 2012).

In view of the pathological roles played by increased
ROS generation, the supplementation of antioxidants seems
a good detoxification strategy to improve tissue function
under hypobaric hypoxia. In our rat model we observed that
exogenous administration of ascorbic acid and blueberry
extract restored GR activity, reduced lipoperoxidation and
hypospermatogenesis typical of hypobaric hypoxic exposure
(Farias et al., 2010; Zepeda et al., 2012). However, the clinical
translation of antioxidant therapies has proven difficult, as few
benefits and even harmful effects (Dotan et al., 2009) have been
observed in clinical trials aimed to reduce oxidative stress by
antioxidant supplementation (Armitage et al., 2009; Villanueva
and Kross, 2012).

3. FINAL CONSIDERATIONS
Exposure to chronic and intermittent hypobaric hypoxia is

a biomedical condition unique in the world and represents
a great challenge for miners such as Chilean mine workers.
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Studies leading to the elaboration of strategies to prevent and
revert the negative physiological effects brought about by
exposure to high altitudes are highly desirable. Specifically,
urgent new challenges for the future are: a) Acute Mountain
Sickness on the first day of the re-ascent after 3-7 days
of rest; this condition affects people with signs of good
acclimatization, oxygen saturation, without polycythemia or
hypertension, despite years of exposure to CIH, b) Prevention
or control of disturbance of quality of sleep, periodic breathing,
oxygen desaturation, sleep fragmentation and /or total sleep,
c) Causes of polycythemia in CIH, d) Biological parameters
that define a suitable physiological intermittent hypoxia
acclimatization to altitudes between 3,000 and 5,500 m, e)
Long-term monitoring of pulmonary artery pressure, f) Aging
biomarkers of CIH, g) Hypoxia tolerance test to identify, at
sea level, before the climb, the good responders to hypoxia
and susceptibility to severe AMS, and h) Best strategies to
mitigate the effects of CIH, based on nutrients, sleep hygiene,
supplemental oxygenation, commuting patterns, ergonomic
jobs adjustments, etc. The determination of markers that
can identify in advance the good and bad responders to this
environmental condition (Richalet et al., 2012; Burtscher et
al., 2008), as well as markers of health condition of workers
chronically exposed will greatly contribute to the health of
miners who have to work intermittently under different shift
schemes at work sites over 4,000 m altitude. in the Andes
mountain range.

ACKNOWLEDGEMENTS

The authors are sincerely thankful for the support provided
by DIUFRO grant DI12-2007 and CONICYT PhD Fellowship
Program.

REFERENCES

AMERICAN COLLEGE OF SPORTS MEDICINE (2000) ACSM’s guidelines
for exercise testing and prescription. 6:145.

ANHOLM ]D, POWLES AC, DOWNEY R, 3RD, HOUSTON CS, SUTTON
JR, BONNET MH, et al. (1992) Operation Everest II: arterial oxygen
saturation and sleep at extreme simulated altitude. Am Rev Respir Dis
145(4 Pt 1):817-826.

ANTEZANA AM (2003) Cardiovascular changes in chronic intermittent
hypoxia. In Health & Height, Viscor G, Ricart A, Leal C, edit
Publicacions Universitat Barcelona, pp151-155

ASKEW E (2002) Work at high altitude and oxidative stress: antioxidants
nutrients. Toxicology 180(2):107-119.

ARANEDA O, GARCIA C, LAGOS N, QUIROGA G, CAJIGAL J, SALAZAR
MP, BEHN C (2005) Lung oxidative stress as related to exercise and
altitude. Lipid peroxidation evidence in exhaled breath condensate:
a possible predictor of acute mountain sickness Eur ] Appl Physiol.
95:383-390.

ARMITAGE ME, WINGLER K, SCHMIDT HH, LA M.(2009) Translating the
oxidative stress hypothesis into the clinic: NOX versus NOS. ] Mol Med
(Berl). 87(11):1071-1076.

BASUALTO-ALARCON C, RODAS G, GALILEA P, RIERA J, PAGES
T, RICARTE A, TORRELLA J, BEHN C, VISCOR G (2012)
Cardiorespiratory parameters during submaximal exercise under acute
exposure to normobaric and hypobaric hypoxia. Apunts Med Esport.
47(174):65-72

BEGUIN PC, BELAIDI E, GODIN-RIBUOT D, LEVY P, RIBUOT C (2007)
Intermittent hypoxia-induced delayed cardioprotection is mediated by
PKC and triggered by p38 MAP kinase and Erk1/2. ] Mol Cell Cardiol
42: 343-351.

BEHN C, ARANEDA OF, LLANOS AJ, CELEDON G, GONZALEZ G
(2007) Hypoxia-related lipid peroxidation: evidences, implications and
approaches. Respir Physiol Neurobiol 158:143-150.

BLOKHINA O, VIROLAINEN E, FAGERSTEDT K (2003) Antioxidants,
oxidative damage and oxygen deprivation stress: a review. Ann Bot
91(2):179-194.

BRITO J, SIQUES P, LEON-VELARDE F, DE LA CRUZ JJ, LOPEZ V,
HERRUZO R (2007) Chronic intermittent hypoxia at high altitude
exposure for over 12 years: assessment of hematological cardiovascular,
and renal effects. High Alt Med Biol 8(3):236-244.

BROOKS D, HORNER RL, KOZAR LF, RENDER-TEIXEIRA CL,
PHILLIPSON EA (1997) Obstructive sleep apnea as a cause of systemic
hypertension. Evidence from a canine model. J Clin Invest 99:106-109.

BUSTOS-OBREGON E, RIVEROS ], MAURER I (2005) Funcién espermatica
post-hipoxia simulada en ratén. Cienc Trab 7(16):56-60.

BROOKS GA, BUTTERFIELD GE, WOLFE RR, GROVES BM, MAZZEO RS,
SUTTON JR, WOLFEL EE, REEVES JT (1991) Increased dependence on
blood glucose after acclimatization to 4,300 m. ] Appl Physiol 70:919-927.

BURTSCHER M, SZUBSKI C, FAULHABER M (2008) Prediction of the
susceptibility to AMS in simulated altitude. Sleep Breath. 12(2):103-108.

CASANEGRA P, JALIL J, BRAUN S, CHAMORRO G, RODRIGUEZ R, ILIC
JB, MORALES M, LISBOA C, SALDIAS F, BEROIZA T (1993) Periodic
physical work at high altitude mining: long term evaluation of exercise
responses under one specific working cycle. In: Hypoxia and Molecular
Medicine. Sutton J, Houston C, Coates G, editors. Queen City Printers
Inc. Vermont, USA, pp 296.

CHAMORRO G, BRAUN S, JALIL J, ILIC JP, BEROIZA T, CASANEGRA
P, RODRIGUEZ R (1993) High altitude mining: influence of working
cycle on changes in pulmonary pressure. In: Hypoxia and Molecular
Medicine. Sutton J, Houston C, Coates G, eds. Queen City Printers Inc.
Vermont, USA, pp 296.

COSTILL DL, COYLE E, DALSKY G, EVANS W, FINK W, HOOPES D (1977)
Effects of elevated plasma FFA and insulin on muscle glycogen usage
during exercise. ] Appl Physiol 43:695-699.

CORNOLO J, MOLLARD P, BRUGNIAUX JV, ROBACH P, RICHALET
JP (2004) Autonomic control of the cardiovascular system during
acclimatization to high altitude: effects of sildenafil. ] Appl Physiol 97:
935-940.

DE PAULA P, NIEBAUER ] (2012) Effects of high altitude training on
exercise capacity: fact or myth. Sleep Breath 16(1):233-239.

DONG JW, ZHU HF, ZHU WZ, DING HL, MA TM, ZHOU ZN (2003)
Intermittent hypoxia attenuates ischemia/reperfusion induced
apoptosis in cardiac myocytes. Cell Res 13:385-391.

DOSEK A, OHNOB H, ACSA Z, TAYLOR A, RADAK Z (2007) High altitude
and oxidative stress Respir Physiol Neurobiol 158:128-131.

DOTAN Y, PINCHUK I, LICHTENBERG D, LESHNO M (2009) Decision
analysis supports the paradigm that indiscriminate supplementation
of vitamin E does more harm than good. Arterioscler Thromb Vasc Biol
29:1304-1309.

ECKARDT KU, BOUTELLIER U, KURTZ A, SCHOPEN M, KOLLER EA,
BAUER W (1989) Rate of erythropoietin in humans in response to acute
hypobaric hypoxia. ] Appl Physiol. 6(4):1785-1788.

FARIAS JG, BUSTOS-OBREGON E, ORELLANA R, BUCAREY, JL, QUIROZ
E, REYES JG (2005a) Effects of chronic hypobaric hypoxia on testis
histology and round spermatid oxidative metabolism. Andrologia 37:47-
52.

FARIAS JG, BUSTOS-OBREGON R, REYES J (2005b). Increase in testicular
tTemperature and vascularization induced by hypobaric hypoxia in rats.
J Androl 26(6):693-697.

FARIAS JG, OSORIO J, SOTO G, BRITO J, SIQUES P, REYES | (2006).
Sustained acclimatization in Chilean mine workers subjected to chronic
intermittent hypoxia. High Alt Med Biol 7(4):302-306.

FARIAS JG, PUEBLA M, ACEVEDO A, TAPIA P, GUTIERREZ E, ZEPEDA A,
CALAF G, JUANTOK C, REYES, ] (2010) Oxidative stress in testis and
epididymis under intermittent hypobaric hypoxia in rats: protective role
of antioxidant supplementation. ] Androl 31(3):314-321.

FARIAS JG, ZEPEDA AB, CALAF G (2012) Melatonin protects the heart,
lungs and kidneys from oxidative stress under intermittent hypobaric
hypoxia in rats. Biol Res 45:81-85.

FLETCHER EC, LESSKE ], QIAN W, MILLER CC, 3RD, UNGER T (1992)
Repetitive, episodic hypoxia causes diurnal elevation of blood pressure in rats.
Hypertension 19:555-561.

FORGEY WW (2006). High-altitude illness. In: Wilderness Medical Society:
Practice Guidelines for Wilderness Emergency Care. W. W. Forgey, ed.
Guilford, New York; pp. 46-53.

FULCO CS, ROCK PB, AND CYMERMAN (2000) Improving athletic
performance: is altitude residence or altitude training helpful? Aviat
Space Environ Med 71:162-171.



66 FARIAS ET AL. Biol Res 46, 2013, 59-67

GAMBOA R (2003) Circulacién Sistémica. in “El Resto Fisiolégico de vivir
en los Andes”. Monge C, Leén-Velarde F, Eds. IFEA UPCH. Lima. Peru.
2003. pp. 119-132.

GILMARTIN GS, TAMISIER R, CURLEY M, WEISS JW (2008) Ventilatory,
hemodynamic, sympathetic nervous system, and vascular reactivity
changes after recurrent nocturnal sustained hypoxia in humans. Am ]
Physiol Heart Circ Physiol 295(2):H778-H785.

GONZALEZ C, SANZ-ALFAYATE G, AGAPITO T, GOMEZ-NINO A,
ROCHER A AND OBESO A (2002) Significance of ROS in oxygen
sensing in cell systems with sensitivity to physiological hypoxia. Respir
Physiol Neurobiol. 132(1):17-41.

GUAN Y, GAO L, MA H, LI Q, ZHANG H, YUAN F, ZHOU Z, ZHANG Y
(2010) Chronic intermittent hypobaric hypoxia decreases-adrenoceptor
activity in right ventricular papillary muscle. Am J Physiol Heart Circ
Physiol. 298:H1267-H1272.

HACKETT PH, RENNIE D, HOFMEISTER SE, GROVER RF, GROVER EB,
REEVES JT (1982) Fluid retention and relative hypoventilation in acute
mountain sickness. Respiration 43(5):321-9.

HACKETT PH, RENNIE ID, LEVINE HD (1976) The incidence, importance,
and prophylaxis of acute mountain sickness. Lancet 2(7996):1149-1154.

HULTGREN H (1997) High Altitude Medicine. H.N. Hultgren pub., San
Francisco, USA, pp. 68-69.

HURTADO A (1960) Some clinical aspects of life at high altitudes. Ann Intern
Med. 53:247-258.

IMAI H, KASHIWAZAKI H, SUZUKI T, KABUTO M, HIMENO s,
WATANABE C, MOJI K, KIM SW, RIVERA JO, TAKEMOTO T (1995)
Selenium levels and glutathione peroxidase activities in blood in an
andean high-altitude population. ] Nutr Sci Vitaminol (Tokyo) 41:349-
361.

JALIL J, BRAUN S, CHAMORRO G, CASANEGRA P, SALDIAS F, BEROI{ZA
T, FORADORI A, RODRIGUEZ R, MORALES M (1994) Cardiovascular
response to exercise at high altitude in workers chronically exposed to
intermittent hypobaric hypoxia. Rev Med Chil. 122(10):1120-1125.

JIMENEZ D (1995) High altitude intermittent chronic exposure to hypoxia.
In Hypoxia and the Brain. Sutton JR, Houston CS, Coates G, eds.
Burlington, Vt, USA. p. 284-291.

JIMENEZ D (2003) Mountain medicine for sustainable high altitude mining.
In: Health Environment and Sustainable Development, Copper 2003.
Lagos G, Warner A, Sanchez M, eds. MetSoc, Quebec, Canada. Vol 2:459-
468.

JOANNY P, STEINBERG J, ROBACH P, RICHALET JP, GORTAN C,
GARDETTE B, JAMMES Y (2001). Operation Everest III (Comex’97): the
effect of simulated sever hypobaric hypoxia on lipid peroxidation and
antioxidant defence systems in human blood at rest and after maximal
exercise. Resuscitation 49:307-314.

KENNEDY SL, STANLEY WC, PANCHAL AR, MAZZEO RS (2001)
Alterations in enzymes involved in fat metabolism after acute and
chronic altitude exposure. ] Appl Physiol 90:17-22.

KUMAR D, BANSAL A, THOMAS P, SAIRAM M, SHARMA S, MONGIA
S, SINGH S, SELVAMURTHY S (1999). Biochemical and immunological
changes on oral glutamate feeding in male albino rats. Int | Biometeorol.
42:201-204.

LEON-VELARDE F, MAGGIORINI M, REEVES JT, ALDASHEV A, ASMUS
I, BERNARDI L, GE RL, HACKETT P, KOBAYASHI T, MOORE LG,
PENALOZA D, RICHALET JP, ROACH R, WU T, VARGAS E, ZUBIETA-
CASTILLO G AND ZUBIETA-CALLEJA G (2005) Consensus statement
on chronic and subacute high altitude diseases. High Alt Med Biol.
6(2):147-1157

LEON-VELARDE F, VILLAFUERTE FC, RICHALET JP (2010) Chronic
mountain sickness and the heart. Prog Cardiovasc Dis. 52(6):540-9.

MAITI P, SINGH S, SHARMA A, MUTHURA]JU S, BANERJEE P AND
ILAVAZHAGAN G (2006) Hypobaric hypoxia induces oxidative stress
in rat brain. Neurochem Int. 49(8):709-716.

MCLAUGHLIN VV, RICH S (2004) Pulmonary hypertension. Curr Probl
Cardiol. 29(10):575-634.

MEERSON FZ, MALYSHEV IYU, ZAMOTINSKY AV (1992). Differences in
adaptive stabilization of structures in response to stress and hypoxia
relate with the accumulation of hsp70 isoforms. Mol Cell Biochem. 111:
87-95.

MILLET GP, ROELS B, SCHMITT L, WOORONS X, RICHALET JP (2010)
Combining hypoxic methods for peak performance. Sports Med. 40(1):1-
25.

MOLLER P, LOFT S, LUNDBY C, OLSEN N (2001) Acute hypoxia and
hypoxic exercise induce DNA strand breaks and oxidative DNA damage
in humans. FASEB J. 15(7):1181-1186.

MOORE LG, HARRISON GL, MCCULLOUGH RE, MCCULLOUGH RG,
MICCO AJ, TUCKER A, WEIL JV, REEVES JT (1986) Low acute hypoxic
ventilatory response and hypoxic depression in acute altitude sickness. |
Appl Physiol. 60(4):1407-12.

MORTIMER EA JR, MONSON RR, MACMAHON B (1977) Reduction in
mortality from coronary heart disease in men residing at high altitude.
N Engl ] Med. 296(11):581-5.

NAEIJE R (2010) Physiological adaptations of the cardiovascular system to
high altitude. Prog Cardiovasc Dis. 52:456-466.

NAKANISHI K, TAJIMA F, NAKAMURA A, YAGURA S, OOKAWARA
T, YAMASHITA H, SUZUKI K, TANIGUCHI N, OHNO H (1995)
Antioxidant system in hypobaric-hypoxia in rats. ] Physiol. 489:869-876.

NESPOULET H, WUYAM B, TAMISIER R, SAUNIER C, MONNERET D,
REMY J, CHABRE O, PEPIN JL, LEVY P (2012) Altitude illness is related
to low hypoxic chemoresponse and low oxygenation during sleep. Eur
Respir J. 40(3):673-80.

NING Z, YI Z, QI-ZHI F, ZHAO-NIAN Z (2000) Intermittent hypoxia
exposure-induced heat-shock protein 70 expression increases resistance
of rat heart to ischemic injury. Acta Pharmacol Sin. 21(5):467-472.

PASHA MA AND NEWMAN JH (2010). High-altitude disorders: pulmonary
hypertension: pulmonary vascular disease: the global perspective. Chest
137(6 Suppl):135-19S.

PENALOZA D AND ARIAS-STELLA ] (2007) The heart and pulmonary
circulation at high altitudes. Healthy highlanders and Chronic Mountain
Sickness. Circulation 115:1132-1146.

PEPPARD PE, YOUNG T, PALTA M, SKATRUD ] (2002) Prospective study of
the association between sleep-disordered breathing and hypertension. N Engl J
Med 342:1378-1384.

PRABHAKAR NR (2000) Oxygen sensing in the carotid body
chemoreceptors. ] Appl Physiol 88: 2287-2295.

PRZYBYLOWSKI T, ASHIRBAEV A, LE ROUX J, ZIELINSKI J (2003)
Sleep and breathing at altitude of 3800 m-the acclimatization effect.
Pneumonol Alergol Pol 71(5-6):213-220.

RADAK Z, LEE K, CHOI W, SUNOO S, KIZAKI T, OH-ISHI S, SUZUKI K,
TANIGUCHI N, OHNO H, ASANO K (1994). Oxidative stress induced
by intermittent exposure at a simulated altitude of 4000m decreases
mitochondrial superoxide dismutase content in soleus muscle of rats.
Eur J Appl Physiol Occup Physiol 69:392-395.

RADAK Z, ASANO K, LEE KC, OHNO H, NAKAMURA A, NAKAMOTO
H, GOTO S (1997) High altitude training increases reactive carbonyl
derivatives but not lipid peroxidation in skeletal muscle of rats. Free
Radic Biol Med 22:1109-1114.

RAUCHOVA M, VOKURKOVA J, KOUDELOVA ] (2012) Hypoxia-induced
lipid peroxidation in the brain during postnatal ontogenesis. Physiol
Res. 61 (Suppl. 1): 589-5101.

RENNIE JJ AND HOLLOSZY JO (1977) Inhibition of glucose uptake and
glycogenolysis by availability of oleate in well oxygenated perfused
skeletal muscle. Biochem J 168:161-170.

REYES JG, FARIAS JG, HENRIQUEZ-OLAVARRIETA S, MADRID E,
PARRAGA M, ZEPEDA AB, MORENO RD (2012) The hypoxic testicle:
physiology and pathophysiology. Oxid Med Cell Longev, vol. 2012,
Article ID 929285, 15 pages. doi:10.1155/2012/929285

RICHALET JP (1990) The heart and adrenergic system in hypoxia. In:
Hypoxia: The Adaptations. Edited by J.R. Sutton, G. Coates, and J.E.
Remmers. Toronto, Philadelphia: B.C. Decker Inc., p. 13-21

RICHALET JP, KACIMI R, ANTEZANA AM (1992) The control of
chronotropic function in hypobaric hypoxia. Int ] Sports Med 13:522—
S24.

RICHALET JP, LARMIGNAT P, POITRINE E, LETOURNEL M, CANOUI-
POITRINE F (2012) Physiological risk factors for severe high-altitude
illness: a prospective cohort study. Am ] Respir Crit Care Med
185(2):192-198.

RICHALET JP, VARGAS M, JIMENEZ D, ANTEZANA AM, HUDSON C,
CORTES G, OSORIO J, LEON G (2002) Chilean miners commuting from
sea level to 4500 m: A prospective study. High Alt Med Biol 3:159-166.

SARYBAEV A, PALASIEWICZ G, USUPBAEVA D, PLYWACZEWSKI
R, MARIPOV A, SYDYKOV A, MIRRAKHIMOV M, LE ROUX H,
KADYROV T, ZIELINSKI ] (2003) Effects of intermittent exposure to
high altitude on pulmonary hemodynamics: a prospective study. High
Alt Med Biol 4 (4):455-463.

SEVRE K, BENDZ B, HANKO E, NAKSTAD AR, HAUGE A, KASIN
JI, LEFRANDT JD, SMIT AJ, EIDE I, ROSTRUP M (2001) Reduced
autonomic activity during stepwise exposure to high altitude. Acta
Physiol Scand 173(4):409-17.

SCHOFIELD C. AND RATCLIFFE P (2004) Oxygen sensing by HIF
hidrolases. Nat Rev Mol Cell Biol. 5: 343-354.



FARIAS ET AL. Biol Res 46, 2013, 59-67 67

SKINNER JS, GASKILL SE, RANKINEN T, LEON AS, RAO DC, WILMORE
JH, BOUCHARD C (2003) Heart rate versus %VO,max: age, sex, race,
initial fitness, and training response-HERITAGE. Med Sci Sports Exerc.
35(11):1908-1913.

TAMISIER R, GILMARTIN G, LAUNOIS S, PEPIN ], NESPOULET H,
THOMAS R, LEVY P, AND WEISS J (2009) A new model of chronic
intermittent hypoxia in humans: effect on ventilation, sleep, and blood
pressure. ] Appl Physiol. 107(1):17-24.

VARGAS E. VILLENA M (1989) La vie humaine en haute altitude: mythes et
realités. Bull Soc Pathol Exot Filiales 82(5):701-19.

VALENCIA-FLORES M, REBOLLAR V, SANTIAGO V, OREA A,
RODRIGUEZ C, RESENDIZ M (2004). Prevalence of pulmonary
hypertension and its association with respiratory disturbances in obese
patients living at moderately high altitude. Int ] Obes Relat Metab
Disord 28:1174- 1180.

VALKO M, LEIBFRITZ D, MONCOL J, CRONIN MT, MAZUR M, TELSER |
(2007) Free radicals and antioxidants in normal physiological functions
and human disease. Int ] Biochem Cell Biol. 39(1):44-84.

VEARRIER D AND GREENBERG MI (2011) Occupational health of miners
at altitude: adverse health effects, toxic exposures, pre-placement
screening, acclimatization, and worker surveillance. Clin Toxicol (Phila)
49(7):629-640.

VILLANUEVA C, KROSS RD (2012) Antioxidant-induced stress. Int ] Mol
Sci. 13:2091-2109.

VOGT M, HOPPELER H (2010) Is hypoxia training good for muscles and
exercise performance?. Prog Cardiovasc Dis 52(6):525-33.

VARGAS M, LASSO J, RIVEROS A, HUDSON C, JIMENEZ D (2002)
Polysomnography in acclimatized workers to intermittent hypoxia,
comparison of sea level, altitude 3,800 m and oxygen supplementary
effect. High Alt Med Biol 3(1):97-137

WEST JB (2002) Commuting to high altitude: value of oxygen enrichment of
room air. High Alt Med Biol 2:223-235.

WEST JB (2003) Improving oxygenation at high altitude: acclimatization and
O, enrichment. High Alt Med Biol 4:389-398.

WEST JB, SCHOENE R, MILLEDGE ] (2007) High Altitude Medicine and
Physiology. Hodder Arnold. pag 39,40.

WILBER RL (2007) Application of altitude /hypoxic training by elite athletes.
Med Sci Sports Exerc. 39 (9):1610-1624.

YOUNG A ], EVANS W], CYMERMAN A, PANDOLF KB, KNAPIK JJ,
MAHER JT (1982) Sparing effect of chronic high altitude exposure on
muscle glycogen utilization during exercise. ] Appl Physiol 52:857-862.

ZEPEDA A, AGUAYO LG, FUENTEALBA ], et al (2012) Blueberry extracts
protect testis from hypobaric hypoxia induced oxidative stress
in rats. Oxid Med Cell Longev (2012) Article ID 975870, 7 pages,
doi:10.1155/2012/975870

ZHANG Y, ZHONG N, GIA ], ZHOU Z (2004) Effects of chronic intermittent
hypoxia on the hemodynamics of systemic circulation in rats. Jpn |
Physiol 54:171-174.

ZHONG N, ZHANG Y, ZHU HF, WANG ]C, FANG QZ, ZHOU ZN (2002)
Myocardial capillary angiogenesis and coronary flow in ischemia
tolerance rat by adaptation to intermittent high altitude hypoxia. Acta
Pharmacol Sin 23:305-310.

ZHU HE, DONG JW, ZHU WZ, DING HL, ZHOU ZN (2003) ATP-dependent
potassium channels involved in the cardiac protection induced by
intermittent hypoxia against ischemia/reperfusion injury. Life Sci
73:1275-1287.

ZHU WZ, XIE Y, CHEN L, YANG HT, ZHOU ZN (2006) Intermittent high
altitude hypoxia inhibits opening of mitochondrial permeability
transition pores against reperfusion injury. ] Mol Cell Cardiol 40:96-106.






Biol Res 46: 69-74, 2013

Quantitative analysis of nucleolar chromatin distribution in the
complex convoluted nucleoli of Didinium nasutum (Ciliophora)

Olga G. Leonova', Bella P. Karajan?, Yuri F. Ivlev3, Julia L. Ivanova’, Sergei O. Skarlato? and Vladimir I. Popenko'

! Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Vavilov str. 32, Moscow 119991, Russia
2 Institute of Cytology, Russian Academy of Sciences, Tikhoretsky av. 4, St. Petersburg 194064, Russia
3 Severtsov Institute of Ecology and Evolution, Russian Academy of Sciences, Leninsky av. 33, Moscow 119071, Russia

ABSTRACT

We have earlier shown that the typical Didinium nasutum nucleolus is a complex convoluted branched domain, comprising a dense fibrillar
component located at the periphery of the nucleolus and a granular component located in the central part. Here our main interest was to
study quantitatively the spatial distribution of nucleolar chromatin structures in these convoluted nucleoli. There are no “classical” fibrillar
centers in D.nasutum nucleoli. The spatial distribution of nucleolar chromatin bodies, which play the role of nucleolar organizers in the
macronucleus of D.nasutum, was studied using 3D reconstructions based on serial ultrathin sections. The relative number of nucleolar
chromatin bodies was determined in macronuclei of recently fed, starved D.nasutum cells and in resting cysts. This parameter is shown

to correlate with the activity of the nucleolus. However, the relative number of nucleolar chromatin bodies in different regions of the

same convoluted nucleolus is approximately the same. This finding suggests equal activity in different parts of the nucleolar domain and
indicates the existence of some molecular mechanism enabling it to synchronize this activity in D. nasutum nucleoli. Our data show that D.
nasutum nucleoli display bipartite structure. All nucleolar chromatin bodies are shown to be located outside of nucleoli, at the periphery of

the fibrillar component.

Key words: 3D reconstruction; ciliates; electron microscopy; macronucleus; nucleoli

INTRODUCTION

The nucleolus is a highly dynamic subnuclear domain where
ribosomal RNA (rRNA) synthesis, rRNA processing and
assembly of ribosomal subunits take place. In a typical cell
nucleus nucleoli are formed around the ribosomal DNA
(rDNA) repeats arranged around the nucleolar-organizing
regions (NORs) on one or several chromosomes (Scheer and
Hock, 1999; Carmo-Fonseca et al., 2000, Raska et al., 2006). In
some cells such as the slime mold Dictyostelium and amphibian
oocytes, the nucleoli are formed around extrachromosomal
rDNA (Raikov, 1989; Thiebaud, 1979).

Extensive electron microscopic studies revealed the
same general principles of nucleolar organization in the vast
majority of species studied. Three main constituent parts of
nucleoli, usually arrayed more or less concentrically, can be
distinguished in the nucleus: (1) the fibrillar centers, (2) the
dense fibrillar component, and (3) the granular component
(Mosgoeller, 2004; Thiry et al.,, 2011). On ultrathin sections,
the fibrillar centers have a rounded shape and are formed
by densely packed fibrillar material. In the interphase
nucleus, these centers are apparently the equivalent of NORs
of individual chromosomes (Goessens, 1984; Zatsepina et
al., 1988). Transcription of ribosomal genes presumably
takes place at the border of fibrillar centers and the dense
fibrillar component, whereas the surrounding dense fibrillar
component corresponds to the nucleolar regions where
maturation of pre-rRNA transcripts occurs (Cheutin et al.,
2004; Guillot et al., 2005). The last stages of assembly of pre-
ribosomal particles preceding their transport to the cytoplasm
take place in the granular component. This organization of

the nucleolus implies that the vector of rRNA processing is
directed from the inner part of the nucleolus to its periphery
(Fromont-Racine et al., 2003; Nazar, 2004; Derenzini et al.,
2006).

Thiry et al. (2005, 2011) carried out a detailed comparative
examination of the nucleolar ultrastructure in various
eukaryotic species and came to the conclusion that tripartite
nucleoli containing all three components are only typical of
amniotic vertebrates; in all other eukaryotes bipartite nucleoli
are present. In such nucleoli only two nucleolar compartments
can be unambiguously identified: a fibrillar zone, surrounded
by a granular zone (review, Thiry and Lafontaine, 2005).

In contrast to higher organisms, nucleolar domains of
single-celled protists have received much less attention. The
most promising models for these studies can be found among
ciliates. Ciliated protists contain two morphologically and
functionally different types of nuclei in a single cell - micro-
and macronuclei. The micronuclei are inert diploid germ
line nuclei which lack nucleoli, whereas the macronuclei
are transcriptionally active somatic nuclei with prominent
nucleolar compartments (see Raikov, 1995).

All ciliate species studied so far can be divided into
two groups: the ciliates with macronuclear DNAs of
subchromosomal size (up to several hundred kbp), and those
with gene-sized (0.4 to 20 kbp) macronuclear DNAs which
show the characters of mini-chromosomes. Thus macronuclei
provide opportunity for studies of spatial organization of
nucleoli in the absence of typical chromosomes.

The macronucleus of the ciliate Didinium nasutum (Fig.
1) contains DNA of subchromosomal size (Popenko et al.,
2007). The nucleolar domains in this somatic nucleus are
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distributed among numerous compact chromatin bodies 90-
250 nm in diameter (Karajan et al., 1995). 3D reconstructions
based on serial ultrathin sections clearly show that nucleoli
are complex convoluted, branched structures in which the
fibrillar component is located at the periphery, while the
granular part is in the central part of the nucleolus (Leonova
et al., 2006; Popenko et al., 2008). Results from these studies
led us to suggest that in D. nasutum processing of rRNAs
occurs from the periphery of the nucleolus to its center. In
many ciliate species, NORs look like chromatin bodies partially
or completely surrounded by the fibrillar component of the
nucleolus (Sabaneyeva, 1997; Sabaneyeva et al.,, 1984, see
also references in Raikov, 1995). It has been also shown by
autoradiography that NORs in D. nasutum are represented by
chromatin bodies located both inside and at the boundary of
nucleoli (Karadzhan, 1987).

Numerous reports in the literature demonstrate that
nucleolar activity in both ciliates and higher eukaryotic cells
reduces drastically under unfavorable conditions such as
starvation (see references in Raikov, 1995; Engberg, 1985;
Mayer and Grummt, 2005; Boulon et al., 2010). The aim of
this research is to determine the exact spatial localization
of nucleolar chromatin bodies in convoluted interphase D.
nasutum nucleoli on the ultrastructural level and to compare
the relative number of such bodies in the nucleoli of recently
fed cells, starved cells, resting cysts and in different parts
of convoluted nucleoli. To address these issues, we used 3D
reconstructions to study localization of all the chromatin
bodies, which corresponded to NORs by morphological

criteria.
METHODS

The laboratory strain of Didinium nasutum was grown at room
temperature in lettuce medium and fed with Paramecium
caudatum as described earlier (Leonova et al., 2006). Ciliates
cultivated in the excess of food were fixed for electron
microscopy 5-7 min after the last feeding (“fed” ciliates). Part
of the ciliate culture was transferred into food-free culture
medium and fixed 30 h later (“starved” cells). Resting cysts of
D. nasutum were obtained and fixed as described in (Karajan et
al., 2003).

Both fed and starved cells were fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.5) for 1 h at
room temperature, dehydrated in a graded series of alcohol
and embedded in Epon-Araldite mixture. Serial ultrathin
sections were obtained with an LKB III ultratome (LKB
Products, Stockholm-Bromma, Sweden) and stained with
uranyl acetate and lead citrate using the standard procedure.
The specimens were examined in a JEM-100CX electron
microscope (JEOL Ltd., Tokyo, Japan).

A regressive staining of sections with uranyl
acetate —-EDTA- lead citrate, which selectively contrasts
ribonucleoproteins, was performed as described elsewhere
(Bernhard, 1969).

Negatives of serial sections of macronucleus (20-30 items,
50-70 nm thick) were scanned at a final resolution of 480 pixels
per 1 um of a section. The 3D reconstruction was carried out
using the STERM software developed by the authors (Leonova
et al., 2006). During reconstruction we took into account only
structures larger than 50 nm in size. Six regions of macronuclei
of five fed cells (reconstructed volumes varied from 48 to 418

um?) and four regions of four starved cells (56 to 220 um?®) were
reconstructed. Average values were compared using a 2-tailed
Student’s t-test. The relative number of NORs, i.e. the number
of nucleolar chromatin bodies per 1um? of the nucleolar
surface, was calculated in 3D reconstructions by division of the
number of nucleolar bodies by the area of adjacent nucleolar
surface.

RESULTS

The macronucleus of recently fed interphase D. nasutum cells
contains numerous conspicuous nucleoli that are evenly
distributed throughout the nucleoplasm (Fig. 2a). The dense
fibrillar component mainly occurs in the form of discrete
bands or trabecules on the surface of the nucleoli, while the
granular component lies inside the nucleoli, filling the space
between trabeculae of the fibrillar component more or less
uniformly. Figures 2b and 3 display 3D reconstructions of the
macronuclear region, corresponding to the ultrathin section
shown in Figure 2a. In order to give a clear idea of nucleolar
topology and reduce the overlapping of nucleolar structures,
the granular component in 3D reconstructions was omitted.

3D reconstructions show that the nucleoli, which normally
look in single sections like individual separate structures,
have actually been assembled into large convoluted nucleolar
networks (Figs 2b, 3). Chromatin bodies of irregular shape
and 0.09-0.25 um in size are uniformly distributed in the
macronucleus (Figs 2a, 4a). Those of these bodies which
are thought to correspond to NORs were determined in
individual ultrathin sections by morphological criteria. Such
chromatin bodies are located either inside the nucleolus, fully
surrounded by the dense fibrillar component (Fig. 4b), or
at the periphery of nucleoli and connected with the fibrillar
component by visible chromatin threads or fibers (Figs 4a, c).
These threads and fibers are of deoxyribonucleoprotein nature,
since they appeared bleached in sections stained according to
Bernhard’s method (Bernhard, 1969), which selectively reveals
ribonucleoproteins (Figs 4d, e).

3D reconstructions show that all nucleolar chromatin
bodies - putative NORs are located outside the nucleoli, in the
nucleoplasm. No chromatin bodies were located in the inner
part of the nucleoli or inside the fibrillar component. Even the
chromatin bodies that seem to be located inside the nucleolus
in single sections (Fig. 4b) were in fact located at the periphery,
in the cavities of the fibrillar component (Fig. 3).

The structure of nucleoli in starved cells fixed 30 h after
feeding is strikingly different from that of recently fed cells
(Fig. 5a). No chromatin bodies are observed inside the nucleoli
in these starved cells. 3D reconstructions (Figs 5b) show that all
nucleolar chromatin bodies are located at the periphery of the
nucleoli, in the nucleoplasm.

The number of NORs in the nucleoli is known to indicate
the activity of ribosomal protein synthesis in both proliferating
and non-proliferating cells (Jozsa et al., 1993). In D. nasutum
we could not determine the exact number of nucleolar bodies
per nucleolus, since most of the branched interphase nucleoli
exceeded the boundaries of the reconstructed region and
had an intricate shape. Therefore, we calculated the relative
number of nucleolar bodies per 1 um? area of the nucleolar
surface and compared this parameter in recently fed and
starved cells. In fed D. nasutum, the relative number of
nucleolar bodies was 5.29 + 0.49 (M + SD, averaged over six
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reconstructions from five cells). In the starved cells, it was
equal to 3.58 + 0.62 (M + SD, four reconstructions from four
cells), i.e. 1.52 times lower (statistically significant at p<0.001).
The latter finding correlates well with the lower activity of
the macronucleus in the starved cells (Engberg, 1985, Raikov,
1995). In addition, in resting D. nasutum cysts we detected
no chromatin bodies either inside the nucleoli or at their
periphery (Fig. 6). Thus there is a good correlation between the
relative number of nucleolar chromatin bodies and the activity
of the nucleolus.

To answer the question of whether the activity in various
parts of complex convoluted D. nasutum nucleoli is different,
we calculated the relative number of nucleolar chromatin
bodies for the whole nucleolus and for its different parts.
These values were found to be very close. For example, in the
convoluted nucleolus of fed ciliates, shown in Figure 4, the
mean number of nucleolar chromatin bodies per 1um? was
equal to 5.57, while it varied from 5.37 to 5.8 in different parts
of it (Table 1). For the nucleolus from starved D. nasutum cell
(Fig. 5), the mean relative number was 3.71 and the range
was 3.4 - 3.85 for the four different parts of it (Table 2). The
coefficient of variation in these two examples and other seven
reconstructions (not shown) was less than 10%. These data
make it safe to conclude that the activity of the various parts of
complex interphase D. nasutum nucleoli is approximately the
same.

DISCUSSION

Our 3D reconstructions based on serial ultrathin sections,
image analysis and computer-aided modeling clearly show
that all compact chromatin bodies in the macronucleus
of D. nasutum are located outside the nucleoli, in the
nucleoplasm, both in recently fed and starved cells. In ciliates
macronuclear rDNAs are preferentially replicated before the

Figure 1. Didinium nasutum in the light microscope. Feulgen
staining. Ma — macronucleus. Scale bar, 10 pm.

b

Figure 2. Nucleoli in recently fed Didinium nasutum cells. a — an
ultrathin section of a macronucleus. Numerous conspicuous large
nucleoli are evenly distributed throughout the nucleoplasm. Ma
- nucleoplasm of macronucleus, Cyt — cytoplasm, N - nucleoli.
Scale bar, 2 pm. b - 3D reconstruction of the macronuclear region
cross-sectioned at the level corresponding to the section in Figure
1a. Only the fibrillar component and nucleolar bodies are shown.
The fibrillar component in the cross section plane is tinted black
to compare with the corresponding structures in Figure 1a. The
distances are shown in nm.

0 | |
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Figure 3. Top view of a 3D reconstruction of network-like
branched nucleoli in fed D. nasutum cells. Only the fibrillar
component (grey color) and nucleolar chromatin bodies (black
and white colors) are shown. Chromatin bodies, which were
completely surrounded by the fibrillar component in individual
sections, are colored black. The intranucleolar space where the
granular component was located is designated as {GC}. The
distances are shown in nm.
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bulk of macronuclear DNA (Engberg, 1985). It was shown
autoradiographically by Karadzhan (1987) that chromatin
bodies at the periphery or inside the D. nasutum nucleoli
were labeled at the beginning of the S-phase. Since no other
chromatin structures resembling the nucleolar fibrillar

centers were detected in ultrathin sections of D. nasutum, we
considered these perinucleolar chromatin bodies as putative
NORs. This approach is quite consistent with the data of many
authors, who reported that NORs in ciliates can look like
chromatin bodies, completely or partially surrounded by the

“IN A&
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Figure 4. Nucleolar chromatin bodies in recently fed D. nasutum cells. a — a fragment of Figure 1a at higher magnification (part of the large
convoluted branchy nucleolus). The dense fibrillar component is located at the periphery and looks like discrete bands or trabecules. The
granular component is in the inner part of the nucleolus. Arrowheads — chromatin bodies connected with the fibrillar component by visible
chromatin threads, Ma — nucleoplasm of the macronucleus, FC - the fibrillar component, GC - the granular component. b - nucleolar
chromatin body (ncb) located inside the nucleolus at higher magnification. ¢ - nucleolar chromatin bodies located in nucleoplasm at
the periphery of nucleoli and connected with the fibrillar component by visible chromatin threads (arrows). d, e- a regressive staining of
sections with uranyl acetate — EDTA — lead citrate. RNPs are selectively contrasted. The chromatin threads (arrows) remain unstained. Scale
bars, 1 pm (a), 0.5 pm (b - e).
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Figure 5. Nucleoli in starved D. nasutum cells. a — a single section of typical macronuclear region. Large vacuoles (V) appear in the
granular component of nucleoli. No chromatin bodies are observed inside the nucleoli. Ma —macronucleus, FC — the fibrillar component,
GC - the granular component. Scale bar, 2 pm. b —=3D reconstruction of network-like branched nucleolus in fed D. nasutum cells. The
fibrillar component is tinted grey, nucleolar chromatin bodies — white. The granular component is not shown. The intranucleolar space
where the granular component was located is designated as {GC}. The distances are shown in nm.
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fibrillar component (references in Raikov, 1995; Sabaneyeva
1984, 1997). Results of the present study clearly show that
“intranucleolar” chromatin bodies are not really localized
within the constituent parts of nucleoli. In fact, the so-called

Figure 6. Fragment of the macronucleus of D. nasutum cyst.
Arrows point to chromatin fibers of aggregated chromatin bodies.
N — nucleoli, Ma - nucleoplasm of macronucleus, Cyt — cytoplasm.
Scale bar, 1 pm.

intranucleolar chromatin bodies appear to represent nucleolar
chromatin bodies in cavities of the complex branched nucleoli.
Together with the fact that the granular component is located
in the inner part of convoluted nucleoli, these data strongly
suggest that the vector of rRNA processing in D. nasutum is
directed from the periphery to the central part of the nucleolus.

Our results are in a good agreement with the findings
of Postberg et al. (2006) in the macronucleus of Stylonychia
lemnae, which displays gene-sized mini-chromosomes. In this
ciliate rDNAs are found to occur adjacent to, but outside the
nucleoli. Thus transcription, or at least its initiation, should
start within the outer domains of condensed chromatin and the
subsequent processing of rRNA should occur in the interior of
nucleolar domains. It was assumed that the absence of typical
chromosomes determines this alternative spatial organization
of the nucleolus (Postberg et al., 2006). Our data show that
nucleoli within macronuclei with subchromosomal DNAs (D.
nasutum) can also conduct rRNA processing in thr opposite
direction compared to the “classical” nucleoli of Metazoa.

We have demonstrated that the relative number of
nucleolar bodies in the branched D. nasutum nucleoli correlates
with the functional state of these ciliates. The relative
number in recently fed cells was 1.52 times greater than in
starved cells. Moreover, no chromatin bodies connected with
nucleolar structures were observed in cysts. These results are
in accordance with the fact that the number of NORs in the
nucleoli indicates the activity of ribosomal protein synthesis
in both proliferating and non-proliferating cells (Jozsa et al.,
1993). However, the relative number of nucleolar chromatin
bodies in the whole convoluted nucleolus and in different parts
of it appeared to be the same (Tables 1, 2). Thus in D. nasutum,
the synthetic activity in various parts of complex interphase
nucleoli is approximately the same. It is tempting to speculate

TABLE 1

Nucleolar chromatin bodies in a complex convoluted nucleolus in recently fed D. nasutum ciliates.

Reconstructed convoluted

Parameter

Fragments of the same convoluted nucleolus

network-like nucleolus as a whole 1 2 3 4
Number of nucleolar chromatin bodies 2433 175 1145 105 8
Area of fibrillar component outside, um? 436.55 32.47 211.62 18.139 1.488
Relative quarzmty.of 'nucleolar chromatin })odles 557 550 541 58 537
per 1 um? of fibrillar component outside
TABLE 2

Nucleolar chromatin bodies in a complex convoluted nucleolus of starved D. nasutum ciliates.

Reconstructed convoluted

Fragments of the same convoluted nucleolus

Parameter
nucleolus as a whole 1 2 3 4
Number of nucleolar chromatin bodies 537 18 9 32 1
Area of fibrillar component outside, um? 144.64 5.29 2.52 8.54 0.26
Relative quantity of nucleolar chromatin bodies per 1 371 34 357 375 385

um? of fibrillar component outside
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that a specific molecular mechanism exists in D. nasutum which
synchronizes the rRNA synthesis in different parts of the
interphase nucleoli.

The classical fibrillar centers in nucleoli of higher
eukaryotes are structures with low electron density composed
of fine fibrils 7-10 nm in diameter (Goessens, 1984). According
to Thiry at al. (2011), typical tripartite nucleoli containing all
three main components (i.e. fibrillar center, dense fibrillar
component and granular component) are only found in
amniotic vertebrates (Thiry and Lafontaine, 2005; Thiry
et al., 2011). In other eukaryotes the nucleoli are usually
bicompartmentalized, where only two nucleolar compartments
—fibrillar and granular components— are unambiguously
identified. The absence of classical fibrillar centers in D.
nasutum nucleoli is in agreement with these data.

In summary, we infer that both gene- and subchromosomal-
size atypical chromosomes of macronuclei which lack
centromeres can determine an alternative spatial organization
of vectorial synthesis and processing of rRNA in ciliates.
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ABSTRACT

Curare, a selective skeletal muscle relaxant, has been used clinically to reduce shivering and as an anesthetic auxiliary in abdominal
surgery. It is also widely used in animal experiments to block neuromuscular junction activity. Effective doses of curare diminish muscle
contraction without affecting brain function, but at higher doses it is known to be lethal. However, the exact dose of curare initiating muscle
relaxation vs. lethal effect has not been fully characterized in mice. In this study we carefully examined the dose-response for achieving
muscle inactivity over lethality in both male and female mice (C57BL6/J). The most striking finding of this study is that female mice were
highly susceptible to curare; both the ED,j and LD, were at least 3-fold lower than male littermates. This study shows that gender-specific
differences can be an important factor when administering skeletal muscle relaxants, particularly curare or other analogous agents targeted

to the neuromuscular junction.

Key terms. Curare, dose response, gender, muscle activity, oxygen consumption.

INTRODUCTION

Curare has long been used by the Indians of South America
as an arrow poison for hunting wild game (Bisset, 1992).
After it became known that curare affects voluntary muscles
selectively without affecting the brain and heart it was
widely used in modern medicine as an auxiliary in general
anesthesia, frequently with cyclopropane (Anderson, 2010;
Lee, 2003). Curare has recently been used in humans to
reduce shivering (Hovland et al., 2006), and is also used
in animal experimentation to block shivering (Hovland et
al., 2006; Kashimura et al., 1992; Nonogaki et al., 1991), to
diagnose myasthenia gravis (a muscle disease) (Biesecker and
Koffler, 1988; Somnier and Trojaborg, 1993) and to manipulate
neurosysnaptic transmission (Witoonpanich et al., 1989) etc.
Curare acts as a neuromuscular blocking agent by binding
to the acetylcholine receptor (AChR) at the neuromuscular
junction and preventing nerve impulses from activating
skeletal muscles (Bowman, 2006). Although high doses of
curare are lethal, low doses are well tolerated and the effect
is completely reversible (Clement, 1978). However, it is not
known if curare has a gender-specific effect on physical
activity and whole body metabolic rate. In this study we
therefore examined the dose-dependent effects of curare on
both male and female mice littermates by monitoring physical
activity, core body temperature (Tc), whole animal oxygen
consumption, circadian rhythm and feeding behavior.

METHODS

Experimental Animals: Age-matched (12-18 weeks old)
male and female mice (C57BL/6]) littermates were housed
at a temperature of 22+1 °C with a 12:12-h light: dark cycle
and relative humidity about 50%. Diet (2014, Harlan Teklad)
and water was provided ad libitum. The study protocol was

approved by the Ohio State University Institutional Animal
Care and Use Committee. All of the animal procedures were
carried out at our AAALAC-accredited animal facility and
conducted in accordance with the Guide for the Care and Use of
Laboratory Animals.

Curare dose response: Tubocurarine hydrochloride (curare
with better solubility profile) was purchased from Sigma-
Aldrich, St. Louis, MO. Curare solution (0.9% NaCl solution)
was administered intraperitonially in various quantities as
reported in Table 1. The mice were individually monitored for
at least 30 minutes after treatment for drug effect. Dose and
percentage of death were fitted into a dose-response graph in
GraphPad Prism 3.0 software to calculate the LD, (dose at
which 50% of the mice died). From the dose-response curves an
effective sub-lethal dose (ED,), at which mice became immobile
for few minutes, was determined for both male and female mice.

Monitoring of circadian rhythm and basal metabolic
rate (BMR): To determine if administration of curare affects
the metabolic rate in male and female mice differently, we
measured oxygen consumption (VO,), RER (respiratory
exchange ratio) and physical activity (measured by infrared
sensors installed around each housing cage). These experiments
were performed at 25+£1.0 °C using a Comprehensive Lab
Animal Monitoring System (oxymax/CLAMS) equipped with a
temperature-controlled environmental chamber from Columbus
Instruments, Columbus, OH, USA. The mice were given ED,
at 10AM following 18 hours acclimatization at 25+1.0 °C and
metabolic measurements were recorded.

Core body Temperature measurement in mice exposed to
cold: Core body temperature (Tc) was measured by thermal
transponders (IPTT300, Bio Medic Data System, Seaford,
DE). Mice were administered with ED, of curare and allowed
to recover for 30 minutes and then challenged with 4 °C. Tc,
oxygen consumption and physical activity were continuously
monitored using oxymax/ CLAMS.
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TABLE 1

Dose-dependent effect of curare (tubocurarine) on male and female mice

Female Male
Dose (mg/kg)
Total animals tested Mortality Immobility Total animals tested Mortality Immobility

0.04 10 0 0 10 0 0
0.05 10 0 0 10 0 0
0.06 10 0 3 10 0 0
0.08 11 0 4 10 0 0
0.1 10 2 7 10 0 0
0.2 11 5 11 10 0 1
0.3 10 6 10 10 0 3
0.4 11 9 11 10 2 6
0.5 10 9 10 7 2 6
0.6 10 10 10 8 5 8
0.8 10 8 10

1 9 9 9

Statistical analysis: Mortality data were analyzed using
student't' test (nonparametric) using Graph pad Prism software
and p < 0.05 was considered significant.

RESULTS

We were interested in studying the role of muscle shivering over
non-shivering thermogenic (NST) mechanisms contributing to
heat production and Tc maintenance (Bal et al., 2012). Therefore
we chose to utilize curare, which has been shown to reduce
shivering (Hovland et al., 2006; Kashimura et al., 1992). We first
set out to optimize the dose that would minimize shivering
by using different doses of curare in both male and female
mice. Interestingly, the LD.; of curare for the female mice
was very low (0.22 mg/kg) as compared to male mice (0.75
mg/kg) (Figure 1A). At doses below LD, curare completely
immobilizes the mice for ~10 minutes, after which mice can
be used for experimental studies with maximal inhibition of
shivering for the next ~5 hours. The ED,, for achieving complete
immobility was calculated to be 0.38 mg/kg for males, while
that for the female mice was 0.01 mg/kg (Figure 1A). The
difference in percentage mortality between male and female
groups was found to be statistically significant by applying a
student't' test (p=0.003). The number of animals used in this
study for each dose of curare and number of animals affected is
presented in Table 1. These data suggest that females are highly
susceptible to curare and one-third dose for males is sufficient
to achieve complete immobility. Therefore, for all the remaining
studies reported here, we chose 0.4 mg/kg for male and 0.1 mg/
kg for female mice as their respective effective dose to achieve
immobility (ED,). The immobility induced at these doses (0.4
mg/kg for male and 0.1 mg/kg for female mice) was completely
reversible within ~10 minutes.

Administration of curare causes an immediate effect on
physical activity and mice are immobilized for a short period.
Therefore, we studied if curare has a long-lasting effect on
metabolism (measured as whole body O, consumption)

and physical activity on both male and female mice. O,
consumption remained unchanged regardless of gender
and dose administered (ED;). Following curare (ED))
administration, physical activity remained low for ~3 hours
both in males (Figure 2A) and in females (Figure 2B). Other
parameters, including Tc, respiratory exchange ratio (RER or
respiratory quotient), energy expenditure measured at 25+1 °C
did not show any significant difference (Supplemental Figure).
At ED,, both male and female mice were able to tolerate the
acute cold challenge of 4 °C (maintained Tc around 37.0 °C)
and were able to upregulate their metabolism to meet the
thermogenic demands during cold stress, which is reflected in
the increase in O, consumption (Figure 2C and 2D).

DISCUSSION

Curare has been used as a muscle relaxant in clinical surgery
until recently, when safer alternatives became available.
Many of these newer muscle relaxants have similar chemical
structures/moieties and also have an analogous mode of
action through AChR (Bowman, 2006). Although widely
used as a muscle relaxant in clinical surgery, gender-specific
differences have not been reported previously. However, it was
recently administered in a female patient to reduce shivering
(Hovland et al., 2006) and one report suggested that female
patients should receive a lower dose of curare (Bennett, 1968),
indicating that gender-specific differences may exist. This is
the first study to report that female mice are more sensitive to
curare at a concentration three fold (LDso) lower than males,
but the exact mechanism is unclear. We used reproductively
mature mice; the reproductive cycle of the female mice and
their hormonal status were not considered. However, we
expect that there is very little chance of overlap between
the reproductive cycles of the 103 female mice used in the
present study. Therefore, the role of reproductive hormones
in the observed sensitivity of female mice to curare can be
ruled out. This difference between males and females might
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curare administration.

be due to intrinsic gender-specific differences in recruitment
and activation of neuromuscular junctions (Green et al., 1984;
Simoneau et al., 1985) and/or gender-specific differences in
ability of clearance of the drug from the body. Although the rate
of metabolic clearance of curare in mice is not known, clearance
for another plant-derived alkaloid, strychnine, has been
reported to be slower in female mice, which may be the basis
of higher sensitivity of female mice towards these alkaloids
(Durkin, 2010). Another interesting finding of this study is that
the EDq, and LDy, for curare are close. Therefore, the curare
dose for a given experiment should be chosen carefully to avoid

lethality-induced differential results. Our study highlights the
importance of a gender-specific difference in the curare dose-
response relationship. Therefore it calls for careful reevaluation
of dose response in females before administering muscle
relaxants including curare-like molecules.
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Physiological behavior of bean (phaseolus vulgaris I.) Seedlings
under metal stress

Fikriye Zengin
ABSTRACT

The effects of nickel, cobalt, chromium and zinc on the content of vitamins A, E and C, malondialdehyde (MDA), chlorophyll and
carotenoids were investigated in bean seedlings (Phaseolus vulgaris L.) grown in Hoagland solution Control and heavy metal-treated plants
were grown for ten days in Hoagland solution. Vitamin A, E, and C content were measured in primary leaves by high performance liquid
chromatographic (HPLC). MDA, chlorophyll and carotenoids were measured in leaves by spectrophotometer. In heavy metal treated plants,
the levels of MDA, vitamins A, E and C and carotenoids significantly increased, while chlorophyll content decreased in leaves of seedlings.

The results indicate that heavy metals caused an oxidative stress in bean plants. The strongest effect on vitamins A, E and C, MDA,
chlorophyll and carotenoids was found in plants exposed to nickel, followed by the sequence cobalt > chromium> zinc.

Key Words: Heavy metal, vitamins A, E and C, MDA, chlorophyll and carotenoids

INTRODUCTION

Heavy metals released from industrial units, metallurgical
operations and mining activities pose a threat to the
environment. The retention of high concentrations of heavy
metals in the environment exerts toxic effects on fauna and flora
(Mishra and Tripathi, 2008). Some of these heavy metals, such as
As, Cd, Hg, Pb or Se, are not essential, since they do not perform
any known physiological function in plants. Others, such as Co,
Cu, Fe, Mn, Mo, Ni and Zn, are essential elements required for
normal growth and metabolism of plants. These latter elements
can easily lead to poisoning when their concentration rises to
supra-optimal values. Heavy metal phytotoxicity may result
from alterations of numerous physiological processes caused
at the cellular/molecular level such as inactivating enzymes,
blocking functional groups of metabolically important molecules,
displacing or substituting essential elements and disrupting
membrane integrity (Rascio and Navarri-Izzo, 2011).
Redox-active (Cu, Fe) and non-redox-active (Cd, Ni, As)
metals may catalyze, directly or indirectly, the formation of
free radicals (FR) and reactive oxygen species (ROS) such
as superoxide radicals (O,7), hydrogen peroxide (H,O,) and
hydroxyl radicals (OH"), which generate oxidative stress and
cause cell damage by inducing lipid peroxidation, protein
oxidation, enzyme inhibition and DNA damage (Sharma
and Dietz, 2009). Tolerant plants have evolved different
antioxidative mechanisms involving enzymes such as
superoxide dismutase (SOD), catalase (CAT) and ascorbate
peroxidase (APX), or small metabolites such as ascorbic acid
(ASA), phenolics and carotenoids to prevent and counteract
the increase in and effects of ROS (Kelman et al., 2009). A
second group of antioxidants includes several vitamins and
nutritional trace minerals that can reduce oxidative stress
by directly scavenging free radicals and by interfering with
free radical-producing mechanisms. For example, vitamin
A (retinyl esters and all-trans retinols) and E (a-tocopherol)
preserve against the development of oxidative damage (Sies
and Stahl, 1995). There are many studies on the antioxidant

properties of plants exposed to various stress factors (Havaux
and Kloppstech, 2001). However, studies related to the effect
of heavy metal-generated stress on vitamin levels of plants are
limited. Some studies showed that lead and mercury caused an
increase in ascorbic acid and o-tocopherol levels in two Oryza
sativa cultivars (Mishra and Choudhuri, 1999), and mercury
exposure of Bacopa monnieri increased the ascorbic acid levels
in this plant (Sarita et al., 1996). Demirevska-Kepova et al.
(2006) reported that the content of oxidized ascorbate increased
during Cd exposure in Hordeum vulgare plants.

An excess of metals has deleterious effects on the content
and functionality of the photosynthetic pigments (Broadley
et al. 2007). This can be caused by the inhibition of pigment
synthesis (Prasad and Prasad 1987), the formation of metal-
substituted chlorophylls of reduced functionality (Kiapper
et al. 1996), or direct oxidative damage to the pigments
(Oléh et al. 2010). The amount of chlorophyll was reduced in
Triticum aestivum L. (Gajewska et al., 2006) exposed to Ni, and
in Phaseolus vulgaris L. cv. Anupama (Chatterjee et al. 2006)
exposed to Co.

The aim of the present study was to investigate the effects
of four heavy cations, namely nickel, cobalt, chromium and
zinc, on the content of vitamins A, E and C, chlorophyll,
carotenoids and MDA in bean (Phaseolus vulgaris L.) seedlings.

MATERIALS AND METHODS

In this study, 7-day old bean seedlings (Phaseolus vulgaris
L.) were used. Stock solutions of nickel (NiCl,.6H,0O), cobalt
(CoCl,.6H,0), chromium (CrCl,.6H,0) and zinc (ZnCl,.H,0)
were prepared at concentrations of 0.1, 0.3, 0.5 mM Ni; 0.5, 0.7
and 1.0 mM Co; 0.5, 0.7 and 1mM Cr and 1.5, 2.0 and 2.5 mM
Zn. The recovery rates of standards were determined as 96.8%
for vitamin A, 96.7 % for vitamin E and 95.5% for vitamin C.
Separation times, using a flow rate of 1 ml/min, were 3.2 min
for vitamin A, 3.6 for vitamin C and 5.6 min for vitamin E.

The bean seeds were surface sterilized in HgCl, for 2 min,
washed in distilled water and germinated between wet paper
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towels at 25 °C in the dark for 3 days. Subsequently plants
cultivated hydroponically in a growth chamber at a light
intensity of 4500 photon/sec/m? (16 h light/ 8 h). During
this period day/night temperatures were 25 °C. After 7 days,
plants were transferred to Hoagland solution containing 0 mM
(control) and various amounts of nickel, cobalt, chromium or
zinc. After 10 days of heavy metal treatment, seedlings were
used for vitamin A, E and C, chlorophyll, carotenoids and
MDA determinations.

The extraction of vitamin A and E was done according
to Catignani (1983) and Miller et al. (1984). Leaf tissues were
homogenized in ethanol and the homogenate was centrifuged
at 4500xg for 5 min. The supernatant was treated with
n-hexane. Vitamin A and E were extracted twice in hexane
phase and the collected extract was dried in liquid nitrogen.
The dried extract was solubilized in 0.5 ml methanol for
HPLC. Injections were made in duplicate for each sample.
The quantification was according to (Catignani, 1983; Miller
et al,, 1984) utilizing absorption spectra of 326 and 296 nm
for vitamin A and E, respectively. HPLC separations were
accomplished at room temperature with a Perkin-Elmer liquid
chromatography system (Series 1100) consisting of a sample
injection valve (Cotati 7125) with a 20 pl sample loop, an
ultra-violet (UV) spectrophotometric detector (Cecil 68174),
an integrator (HP 3395) and a Techsphere ODS-2 packed (5
um particle and 80 °A pore size) column (250 x 4.6 ID) with
a methanol: acetonitrile: chloroform (47: 42: 11, v/v) mobile
phase at 1 ml min? flow rate. The extraction of vitamin C
was done according to Cerhata et al. (1994) Leaf tissues were
homogenized in perchloric acid and volume was adjusted to
1 ml by adding ddH,O. The mixture was centrifuged at 4500 x
for 5 min at 4 °C. The supernatant was filtered as above and the
vitamin C level was determined using the method of Tavazzi
et al. (1992) by HPLC, utilizing a column (250 x 4.6 ID) packed
with Li-60 reversed-phase material (10 um particle size) with
mobile phase (3.7 mM phosphate buffer, pH 4.0) at 1 ml min’!
flow rate.

The level of lipid peroxidation was measured in terms of
MDA content, a product of lipid peroxidation. Leaf samples (0.5
g) were homogenized in 10 ml of 0.1% TCA. The homogenate
was centrifuged at 15,000g for 5 min. To as 1.0 ml aliquot of
the supernatant 4.0 mL of 0.5% TBA in 20% TCA was added.
The mixture was heated at 95 °C for 30 min and then quickly
cooled in an ice bath. After centrifugation at 10,000g for 10 min,
the absorbance of the supernatant was recorded at 532 nm. The
value for non-specific absorption at 600 nm was subtracted. The
Following formula should be added after the MDA equivalent
was calculated as follows (Heath and Packer 1968).

MDA (nmol/mL FW)= [(A532-A600)/155, 000] x 10°

For the purpose of identifying the amount of
photosynthetic pigments, about 1 g of fresh leaf tissue was
obtained from the seedlings and extracted. The absorbance
of these extracts was measured separately at 645 nm and 633
nm wavelengths in a blind manner. To determine absorbance,
quartz tubes with a volume of 1 cm3 were utilized. Using the
absorbance values, chlorophyll a+b and carotenoid content
were calculated as mg/g FW (Witham et al. 1971).

All experiments were repeated three times. Statistical
analysis was performed using the SPSS (version 10.0) program.
In order to detect the significance of differences (p<0.01 or

p<0.05) of variables, a multiple comparison (LSD) test was
performed. All values are expressed as mean = 1 SE.

RESULTS

Figs 1-7 summarize the results for the effects of selected
heavy metals (Ni, Co, Cr, and Zn) on vitamins, chlorophyll,
carotenoids and MDA in primary leaves of bean seedlings.
Significant increases of the content of vitamins, chlorophyll,
carotenoids and MDA (p<0.05 or p <0.01) were detected after
ten day exposure to the heavy metals.

In nickel-treated seedlings the amount of vitamin was
significantly greater than in control seedlings (p<0.05).
Vitamin A content in the primary leaves increased noticeably
at 0.1, 0.3 and 0.5 mM nickel concentrations (Fig. 1A). Vitamin
A content in leaves increased by 14.1%, 15.8% and 18.4%,
respectively, compared to control seedlings (p<0.05). Nickel
caused the increase of vitamin E between 12-18% (p<0.05)
(Fig. 1B). These seedlings had significantly greater vitamin C
content than control seedlings (Fig. 1C). Vitamin C content in
seedlings increased noticeably at 0.1, 0.3 and 0.5 mM nickel
concentrations. With 0.1, 0.3 and 0.5 mM nickel concentrations,
vitamin C contents were increased a dose-dependent manner
(7.5%, 13.6%, and 19.7%).

In cobalt treated seedlings vitamin content was
significantly more effective than in control seedlings (p<0.01).
The vitamin content of seedlings increased with increasing
concentration of this metal (Fig. 2A, 2B, 2C). In seedlings
treated with 0.5, 0.7 and 1 mM cobalt, vitamin A content
increased by 12.3%, 14.9%, and 17.5%, respectively, compared
to control plants (p<0.01). In seedlings treated with 0.5, 0.7 and
1 mM cobalt, vitamin E content increased by 10.2%, 13.1%, and
17.1%, respectively, compared to control plants (p<0.01) (Fig
2B). Vitamin C content of seedlings was increased by 4.6%,
10.3% and 14.6% compared to controls (Fig 2C).

Vitamin A, E, and C content of the seedling increased
with increasing concentration of chromium (Fig. 3A, 3B, 3Q).
Chromium caused the increase of vitamin A between 10.5-
16.7% (p<0.05) (Fig. 3A). In chromium-treated seedlings the
vitamin E content was significantly greater than in control
seedlings (p<0.01) (Fig 3B). In seedlings treated with 0.5, 0.7
and 1.0 mM chromium, vitamin C content increased by 7.51%,
12.2%, and 15%, respectively, compared to control plants
(p<0.01) (Fig 3C).

The increase of zinc concentration in seedlings caused
significant vitamin accumulation. In seedlings treated with
1.5, 2.0 and 2.5 mM zinc; vitamin A content increased by 9.6%,
12.7%, and 14.1%, respectively, compared to control plants
(p<0.01) (Fig 4A). These seedlings had significantly greater
vitamin E content than control seedlings (Fig. 4B). Vitamin
E content in seedlings increased noticeably (5.9%, 9.1% and
12.2%) at 1.5, 2.0 and 2.5 mM zinc concentrations. The increase
of zinc concentration in primary leaves caused significant
vitamin C accumulation. In primary leaves treated with 1.5, 2.0
and 2.5 mM zinc, vitamin C content increased by 4.2%, 8.9%,
and 13.1%, respectively, compared to control plants (p<0.01)
(Fig. 4C).

The effect of heavy metals on MDA content is presented in
Figure 5. Significant increases in MDA content in bean plants
were observed in the experiments. MDA content increased
linearly with increased heavy metal levels in the solution. The
MDA content was increased by 47.2%, 55.4%, and 66.3% at 0.1,
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0.3 and 0.5 mM Ni, 41.8%, 49.1% and 53.6% at 0.5, 0.7 and 1.0
mM Co, 27.2%, 31.8% and 42.7% at 0.5, 0.7 and 1.0 mM Cr, 20%,
26.3% and 30.9% at 1.5, 2.0,2.5 mM Zn, respectively

The chlorophyll content in the plants was significantly
affected by heavy metal treatment (Fig. 6). For example,
chlorophyll contents in leaves decreased by 25.6%, 23.1%,
21.2% and 19.3% at 0.5 mM Ni, 1 mM Co, 1 mM Cr and 2.5 mM
Zn, respectively, compared to the control seedlings (p<0.05).

Carotenoids decreased significantly with increasing
concentrations of heavy metals (Fig. 7). For example,
carotenoids increased by 15%, 23.1% and 27.3% at at 0.1, 0.3
and 0.5 mM Ni, 8%, 13.5% and 17% at 1.5, 2.0 and 2.5 mM Zn
respectively.

DISCUSSION
Many abiotic stresses, including exposures to heavy metals,

can cause damage to plant cells either directly or indirectly
through the burst of ROS. Plant cells are able to respond to
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Figure 1. (A) Vitamin A [ug/g], (B) Vitamin E [ug/g fw] and (C)
Vitamin C [ug/g] content in the primary leaves of bean seedlings
applying different concentrations of nickel. Error bars indicate = 1 SE.

elevated levels of ROS by activating their antioxidant defense
system (Dazy et al., 2008). It is well known that exposure
of plants to heavy metals induces the generation of active
oxygen species (AOS), which are harmful to plants (Zenk,
1996). The injury of plant cells caused by heavy metals is, to a
great extent, related to the destruction of the balance between
the generation and detoxification of AOS. Plants possess the
protective mechanisms to scavenge the toxic AOS, but the
ability to balance between the generation and detoxification of
AOS varies greatly among different plant species (Pang et al.,
2003). Heavy metal treatment could enhance the activities of
antioxidant vitamins. Plants contain a wide range of vitamins
that are essential not only for human metabolism but also for
plants, because of their redox chemistry and role as cofactors,
and some of them also have strong antioxidant potential. The
antioxidant vitamins that have been the focus of most attention
in plants are carotenoids (pro-vitamin A), ascorbate (vitamin
C) and tocochromanols (vitamin E, including both tocopherols
and tocotrienols) (Asensi-Fabado and Munné- Bosch 2010). We
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found that all four metals caused a significant (p<0.01, p<0.05)
increase in vitamins A, E and C.

It was determined that all four metals caused a significant
(p<0.01, p<0.05) increase in vitamin E. Increasing levels of
a-tocopherol has been found in Arabidopsis thaliana under Cu
and Cd stress (Collin et al., 2008). Yusuf et al. (2010) reported
that the content of total tocopherol increased during salt, heavy
metal and osmotic stress in Brassica juncea plants. Vitamin E
includes tocopherols, one of the most powerful antioxidants,
and tocotrienols (Schneider, 2005). Tocopherols have been
suggested to play a major role in maintenance and protection
of the photosynthetic machinery. There is clearly a correlation
between the degree of stress and tocopherol concentration
(Munné-Bosch and Alegre, 2002a). Gajewska and Sklodowska
(2007) and Collin et al. (2008) have suggested that increased
tocopherol content confers enhanced tolerance to plants against
drought and heavy metal (Ni, Cu, Cd) stress. Tocopherols
are able to quench physically or scavenge chemically 'O,
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Figure 3. (A) Vitamin A [ug/g], (B) Vitamin E [ug/g fw)] and (C)
Vitamin C [ug/g] content in the primary leaves of bean seedlings
applying different concentrations of chromium. Error bars indicate
+ 1 SE.

(Krieger-Liszkay and Trebst, 2006). Fryer (1992) suggested
that the changes in a-tocopherol during plant responses to
environmental stress are characterized by two phases. In
the first phase, there is an increase in tocopherol synthesis,
which is followed by a second phase of net tocopherol loss.
Initial enhanced tocopherol levels contribute to protection
by reducing by ROS levels and inhibiting lipid peroxidation,
thus avoiding oxidative damage. When the stress is too severe,
tocopherol degradation exceeds its synthesis and levels
decrease (phase II). Consequently, lipid peroxidation increases
and cell death occurs if a-tocopherol deficiency cannot be
compensated for by another mechanism of protection. In
stress-tolerant plants, only the first phase is apparent (unless
stress is too severe), while only the second phase is usually
observed in stress-sensitive plants (Munné-Bosch, 2005).

In the present study, exposure to heavy metal (Ni, Co,
Cr, Zn) level in the growth medium resulted in increased
vitamin C in bean plants. The exposure of Bacopa monnieri
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Figure 4. (A) Vitamin A [ug/g], (B) Vitamin E [ug/g fw] and (C)
Vitamin C [ug/g] content in the primary leaves of bean seedlings
applying different concentrations of zinc. Error bars indicate = 1 SE.
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to various concentrations of mercury for 14 days caused an
increase in ascorbic acid levels (Sarita et al., 1996). ASA is
the most abundant antioxidant in plants and plays a role in
responding to oxidative stress (Chao et al., 2010). Besides, it
participates in a variety of processes, including photosynthesis,
photoprotection, the cell cycle, cell-wall growth and cell
expansion, synthesis of ethylene, gibberellins, anthocyanins,
and hydroxyproline. ASA is found in the thylakoid lumen
and stroma of chloroplasts (Asada, 1999), a-tocopherol and
B-carotene are found in the lipid matrix, and associated with
protein domains in the tylakoid membrane (Munné-Bosch and
Alegre, 2002a), which provides a protective effect of ASA on
a-tocopherol and B-carotene oxidation, likely by scavenging
and/or preventing the formation of OH. Exposure to heavy
metal (Ni, Co, Cr, Zn) levels in the growth medium resulted
in increased vitamin A of bean plants (Fig 1A, 2A, 3A, 4A).
Vitamin A (retinol) is the most effective naturally occurring
quencher of singlet oxygen; it is a radical scavenger and an
effective chain-breaking antioxidant (Alpsoy et al., 2009).
Vitamin E is a potent lipid-soluble antioxidant, with the ability
to quench free radicals directly, and functions as a membrane
stabilizer (Clarke et al., 2008). Carotenoids, ubiquinols,
selenium (Se), copper (Cu) and flavonoids are also included in
this group of nutritional antioxidants (Surai, 2003).

The level of MDA content has been considered as an
indicator of oxidative stress. MDA is the decomposition
product of polyunsaturated fatty acids of biomembranes
and its increase shows that plants are under high-level
antioxidant stress. Cell membrane stability has been used
fregently to discriminate stress tolerant and sensitive cultivars

of many crops (Hou et al.,, 2007). In the experiments, MDA
concentration increased linearly with increased heavy
metal (Ni, Co, Cr, Zn) levels in the solution. Similar results
were obtained with S. polyrrhiza L. (Upadhyay, 2010) and
Ceratophyllum demersum L. (Devi and Prasad, 1998). Thus
increased MDA content shows the generality of oxidative
stress and this may be one of the potential mechanisms by
which toxicity due to heavy metals is manifested in plant
tissues (Gupta et al., 2009).

Inhibition of photosynthetic pigment biosynthesis is one
of the primary events in plants during heavy metal stress and
decreases in photosynthetic pigment content have also been
reported in many plants under heavy metal stress (Cenkci et
al., 2010). It was suggested that heavy metals could interfere
with chlorophyll biosynthesis either through the direct
inhibition of enzymatic steps or through the substitution of
the central Mg ion (Cenkci et al., 2010; Pourraut et al., 2011).
Carotenoids serve as antioxidants against free radicals and
photochemical damage (Sengar et al., 2008). Thus less effect
on carotenoids might represent its supportive role against
oxidative stress.

CONCLUSIONS

In the present study, exposure to heavy metals affected
different parameters of bean: vitamin, MDA, chlorophyll and
carotenoid content. Exposure of ten-day-old bean seedlings to
nickel, cobalt, chromium and zinc increased vitamin, MDA and
carotenoid contents. Chlorophyll content decreased with heavy
metal (Ni, Co, Cr, Zn) treatment in comparison to the control.
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The greatest effects were produced in plants exposed to nickel,
followed by the sequence cobalt> chromium>zinc.
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Antitumor function and mechanism of phycoerythrin from Porphyra
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ABSTRACT

The anti-tumor effect of R-Phycoerythrin (R-PE) from Porphyra haitanensis was studied using cell line HeLa as an in vitro model and
Sarcoma-180 (S180) tumor-bearing mice as an in vivo model. The results showed that the combination treatment of R-PE and photodynamic
therapy PDT) significantly inhibited the growth of HeLa cells up to 81.5%, with a fair dose-effect relationship, but did not inhibit endothelial
cells. The annexin v-fitc/PI fluorescence staining experiments demonstrated that at doses between 0~60ug/mL, apoptosis cells and

later stage apoptosis cells or necrosis cells increased significantly as the R-PE dosage increased. DNA electrophoresis showed that after
R-PE+PDT treatment of HeLa cells for 24 hours, a light “smear” band between 100~400bp appeared to indicate the degradation of genomic
DNA. The QRT-PCR results showed that R-PE+PDT treatment increased caspase-3 and caspase-10 gene expression and decreased the

Bcl-2 gene expression level significantly as the R-PE dose increased, implying that R-PE promoted HeLa cell apoptosis. Compared with
untreated S180 tumor-bearing mice, R-PE injection significantly inhibited the growth of S180 in tumor-bearing mice up to 41.3% at a dose
of 300mg-kg . Simultaneously, the significant increase of superoxide dismutase (SOD) activity in serum (p < 0.01) and the decrease of the
malondialdehyde (MDA) level in liver suggests that R-PE improved the anti-oxidant ability of the S180 tumor-bearing mice, which may
related to its antitumor effect. In addition, the R-PE caused a significant increase (p < 0.05) in the spleen index and thymus index, and a
significant increase (p < 0.01) in lymphocyte proliferation, NK cell kill activity and the TNF-a level in the serum of S180 tumor-bearing
mice. These results strongly suggest that the antitumor effect of R-PE from Porphyra haitanensis functioned by increasing the immunity and
antioxidant ability of S180 tumor-bearing mice, promoting apoptosis by increasing protease gene expression and TNF-a secretion.

1. INTRODUCTION

Phycoerythrin (PE) is an oligomeric protein formed in a (af),
hexamer in an annular architecture. The two different subunits,
a and B, have molecular weights of 17 to 21 KDa.. Each «a
subunit contains 2 phycoerthrobilin (PEB) chromophores
which link to Cys82 and Cys139 by a thioester bond. Each
B subunit contains two PEBs linking to Cys82 and Cys158
and one phycourobilin (PUB) linking to two cysteines, Cys50
and Cys61. The PE hexamers can pile up to form rods which
allow the pigment molecules to play an important role in
light absorption, storage and transmission. The PE purified
from Porphyra haitanensis belongs to R type PE (R-PE), with
characteristic absorption peak of 498 nm from its linked PUB
which allows it to play a photosensitive role (1-4).
Photodynamic therapy (PDT), the activation of a tumor-
localized photosensitizer by light, is generally applied as a
single modality for the treatment of a variety of solid tumors,
and has received regulatory approval. Its dominant mechanism
of action is the local generation of cytotoxic singlet oxygen,
which causes the destruction of tumor cells and damage to the
tumor microvasculature. PE is an attractive photosensitizer
because of its good fluorescence characteristics (2 PEB, 1 PUB)
(5-8); it has drawn considerable attention because of its low
phototoxicity. Ling Hu et al. (9) studied the survival rate of
the normal liver cell line HL7702 and liver cancer cell line
HepG2 after treatment with 25~200 pg/mL of the § subunit of
PE. Comparison of PE in four different treatments, PE subunit
alone (PE-sub), PE subunit with liposome package (PE-sub-lip),
PE subunit with laser irradiation (PE-sub-PDT) and PE subunit
with liposome package and laser irritation (PE-sub-lip-PDT),

demonstrated that the use of the liposome carrier increased the
PE-sub accumulation in the cells and enhanced its PDT effect
on HepG2.

Caspase is a special family of proteases which play a central
role in programmed cell apoptosis (10). Caspases can degrade
anti-apoptotic protein and induce the release of mitochondrial
cytochrome C. At the same time, caspase-mediated degradation
can weaken the function of DNAase inhibitor ICAD (inhibitor
of caspase DNAase), thus increasing intracellular Ca?*
concentration, activating DNAase and encouraging the
fragmentation of DNA as depicted in Fig. 1 (11-14).
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Fig. 1. Graphic summary of events after global brain
ischemia during reperfusion. The activation of major, caspase-
dependant apoptosis pathways, the possible cross-talk between
necrosis-inducing cytoplasmic-lysosomal proteases and their
possible interaction with Bcl-2 and caspase protein families are
depicted (12).

The objective of this investigation was to study the in vivo
and in vitro anti-tumor effect of R-PE from Porphyra haitanensis.
The results showed that R-PE had a strong in vivo and in
vitro anti-tumor effect, and that PDT can improve the in vitro
anti-tumor effect of R-PE. These results may provide a basis
for developing the PE into a photosensitive drug for cancer
therapy.

2. MATERIALS AND METHODS

PE from Porphyra haitanenis (R-PE), with food grade purity
(A565/A280>0.7) and drug class purity (A565/A280>2.0)
was obtained in the laboratory. The cervical carcinoma cell
line HeLa, mouse ascitic tumor cell line S180 and KM mice
(qualified number: SCXKG Fujian 2004-0001) were obtained
from the animal center of Xiamen University, Xiamen, China.
Concanavalin (ConA) and MTT was purchased from Sigma (St
Louis, MO, USA).

2.1. Extraction and purification of phycoerythrin

Fresh Porphyra haitanenis was washed with 1 M PBS buffer (pH
6.8). One volume of washed algal mass was resuspended in
fifteen volumes of the same buffer and subjected to repeated
freeze-thaw cycles of -20 °C and 4 °C for the release of PE.
Purification was done by two-step ammounium sulphate
precipitation (25% and 55%) followed by chromatography using
a gel sephadex G-100 column (60cmx2cm) pre-equilibrated
and eluted with 10mM PBS buffer (pH 7.0). The flow rate was
maintained at 45ml-h"l. Elute was collected and run through
a DEAE-Cellulose ion exchange column (30cmx2cm) pre-
equilibrated with 20mM PBS buffer (pH6.0). The R-PE rich
fraction was eluted at 0.2M NaCl. The R-PE was stored at -20
°C. At each stage of purification the R-PE purity and molecular
weight were determined by 12% SDS-PAGE (Fig. 1). The
R-PE purity measured as the ratio of OD565/0D280 was also
determined at each stage of purification (Table 2). The UV-vis
overlay spectrum for purified R-PE is shown in Fig. 2.

2.2. R-PE PDT effect on HeLa cells
2.2.1. Cell culture

Cervical carcinoma line HeLa was routinely grown in
Dulbecco’s Modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
and kept in an atmosphere of 95% air and 5% CO, in a 37 °C
humidified incubator.

2.2.2.PDT

In total, 5x10* /mL cells were inoculated in 96-well plates with
serum-free DMEM and treated with 0, 3.5, 7, 15, 30 or 60ug/
mL R-PE for 4h before laser irradiation. The PDT excitation
wavelength was 632.8 nm and energy intensity was 12.5 J/
cm? laser light; the two kinds of cells were cultured in DMEM

containing 10% serum for 24h and 48h, respectively. Each
concentration was repeated 6 times, along with a blank control
(without R-PE or laser light irradiation) and a positive control
group (treated with 20pg/mL 5-fluorouracil). The survival rate
of the PDT-treated HeLa cell lines was analyzed using the 3-(4,
5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide assay.
Cell survival rate (%)=0D

/OD x100%

experimental group blank group

Fig.1. Molecular weight determination of Porphyra haitanensis
R-PE on 12% SDS-PAGE. Lines:1, protein molecular mass standard
in kDa; 2,R-PE purified from Porphyra haitanensis (purity, A565/
A280=3.3)
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Fig.2. UV-vis overlay spectrum of R-PE
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2.2.3. Cell apoptotic analysis by Annexin V-FITC / PI double
fluorescent

At the exponential phase stage, 5x10° /mL cells were
inoculated in 24-well plates with serum-free DMEM and
treated with 0, 15, 30 or 60 pg/mL R-PE for 4h before laser
irradiation. The PDT excitation wavelength was 632.8nm
and energy intensity was 12.5 J/cm? laser light. The negative
control and positive control groups were set up with
treatments of 15, 30 or 60 pug/mL R-PE and with 20 ug/mL
5-fluorouracil. The cells were cultured in DMEM containing
10% serum for 24h. After the cells were washed with cold 10
mM PBS, Annexin V-FITC / PI double fluorescence dyeing
liquid was added and the plates were placed in the dark for 15
min. The morphology of the HeLa cells was examined under a
fluorescence microscope.

2.2.4. RNA isolation and ¢cDNA synthesis

Total RNA was extracted from HeLa cells treated with 0, 15,
30 or 60 ug/mL R-PE for 4h before laser irradiation, using an
RNAiso plus kit according to the manufacturer’s instructions.
Each concentration was repeated 3 times. The extracted RNA
was treated with RNase-Free DNase to remove contaminating
DNA, and ¢cDNA was synthesized using the PrimeScript RT
Reagent Kit following the manufacturer’s instructions.

2.2.5. mRNA expression of caspase and Bcl-2

Caspase and Bcl-2 ¢cDNA were amplified from the extracted
total RNA (2 pg) using primers caspase-F, caspase-R and
Bcl-2-F, Bcl-2-R, respectively (Table 1), under the following
conditions: pre-denaturation at 95 °C for 2 min, 30 cycles of

TABLE 1

Nucleotide sequence of primers

95 °C for 30s, 60 °C for 30s, followed by a final elongation at
74 °C for 5 min. As an internal control, a crab beta-actin cDNA
fragment was amplified with primers beta-actin-F and beta-
actin-R (Table 1) and the same PCR amplification conditions.

2. 3. Anti-tumor activity of R-PE on S180 tumor-bearing mice
2.3.1. Model establishment of S180 sarcoma

5180 tumor cells in mice were reproduced by ascites serial
passage 3 times, 7 days per passage. S180 tumor cells were
extracted from the last tumor-bearing mice under sterile
conditions. The cell concentration was adjusted to 1.4x107 /mL
with cold sterile saline, then 0.2 mL cell suspension fluid was
inoculated in the left fore oxter of the mice.

2.3.2. Experimental design Male mice (28+2 g/mouse) were
used in the experiments. Seventy two mice were arranged
into six groups (n = 12): The blank group served as a normal
control and received distilled water at level of 0.2 ml/day for
9 days. The model group served as an S180 sarcoma group
and received distilled water at level of 0.2 ml/day for 9 days.
The positive drug group served as an 5180 sarcoma group and
received 5-FU (20 mg-Kg'bw-d!) (15) for 9 days. The R-PE
low-dose group served as an 5180 sarcoma group and received
R-PE (100 mg-Kg'bw-d1). The R-PE middle-dose group served
as an S180 sarcoma group and received R-PE (200 mg-Kg
bw-d1). The R-PE high-dose group served as an S180 sarcoma
group and received R-PE (300 mg-Kg'bw-d!). The mice were
weighed every other day. At the end of the 9-day treatment,
mice were sacrificed. Blood was collected using the eye socket
and centrifuged at 1000xg for 10min. Serum was collected for
antioxidative experiments and analyzed for TNF-acontent.
Liver and spleen were excised and used for antioxidative and
cellular immunity experiments.

2.3.3. Tumor inhibitory rate and immune organ index

The tumor inhibitory rate and the immune organ index were

primer Sequence(5’- 3')
calculated with the following formulae:
Caspase-3-F GGTTCATCCAGTCGCTTTG
Caspase-3-R GCTTTCCACCGTTGTCTC Tumor inhibitory rate (%) = tumor weight of text group /
t ight of blank 100
Caspase-10-F GTATCAGGCTACCCAGTCC umor weight of blank groupx100%
Immune organ index (mg/10g) = weight of organs(mg) /
Beta-actin-F GTTGCGTTACACCCTTTC weight of mouse(lOg)xlOO%
Beta-actin-R CTTGCCACTTCCACTGTC
Bcl-2-R GTTCTTCGACTCGCTCAC
TABLE 2
Total protein concentration and spectroscopic purity of Porphyra haitanensis R-PE at each stage of purification
e s Purity Quantity Yield Recovery
Purifi
urification step (oD, /ODzso) (mg) (mg/g) %)
Crude repeated freeze-thaw extract 0.56 342.6 11.42
Two step salting-out extraction 1.39 173.4 5.78 50.60
SephadexG-100 chromatography 2.45 58.11 1.94 33.51
ion-exchange chromatography 3.30 50.42 1.68 86.69
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2.3.4. SOD activity and MDA content analysis

SOD enzyme activity and the MDA content in liver and serum
were determined using the commercial kit according to the
manufacturer’s instructions.

2.3.5. Splenic lymphocyte proliferation capacity of tumor-bearing
mice

Spleen cells were prepared in sterile conditions and were
diluted to 2x10°/mL with the complete culture medium.
The cell suspension liquid was inoculated in 96-well plates,
200 pL per well, 4 wells with each treatment group; three
of them with 5uL 200 mg/ml ConA (final concentration 5
mg/1) and one well set as blank control with 5uL of the same
complete culture medium. The plates were incubated for 3d.
100 uL of supernatant liquid per well was taken 4h before the
end of the incubation. After adding 20 pL of MTT solution
(5mg/ml), the plates were incubated for 4 more hours. The
proliferation capacity of spleen lymphocytes was analyzed
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (16,17).

Lymphocyte proliferation capacity (%) = (OD,
OD

ConA treated group

control group)

2.3.6. Natural killing activity of NK cells

Spleen cells were prepared in sterile conditions as the effector
cell and were diluted to 2x107/mL with the complete culture
medium. HeLa cells were prepared as the target cell and were
diluted to 2x10°/mL with the complete culture medium. 100
pL of the target cell suspension liquid was inoculated in 96-
well plates and 4 wells for each treatment group and cultivated
for 8h. The isopycnic effector cells were added in three wells
per group, adjusting the ratio of effector cells to target cells to
100 to 1. The remaining wells were set as two control groups
of the target cell and the effector cell wells. The cells were
incubated in an incubator at 37 °C with 5% CO, for 4h. Cell
survival rate was determined by MTT assay(18) using the
following formula.

Natural killing activity of NK cells (%)=[OD
OD

(OD

target cell

target cell group ~
target cell treated with effector cell group™ effector cell group

group

2.3.7. TNF-a secretion capacity of the spleen cells

TNF-a secretion capacity of the spleen cells in mice was
determined using enzyme-linked immunosorbent assay
(ELISA) according to manufacturer instructions.

2.3.8. Histopathology

The tumor specimens were examined microscopically after
routine preparation (19). The tumor-bearing mice treated with
5-FU and different concentrations of R-PE were sacrificed 9 days
after establishment of the S180 sarcoma model. Tumors were
fixed using 10% neutral buffered formalin solution for 24h and
then dehydrated in a series of different concentrations of ethanol,
infiltrated with xylene and paraffin and embedded in paraplast.
The specimens were serially sectioned (6 um thickness) with a

microtome and stained on microscope slides using haematoxylin
and eosin (H&E). The stained slides were observed and
photographed using a fluorescence microscope (20).

2.3.9. Statistical analysis

Data were expressed as mean + 1 SD for at least three
experiments. Student’s t-test was used to compare data. The
data with P<0.05 were considered to be statistically significant.

3. RESULTS
3.1. Extraction and purification of R-PE

The purity and homogeneity of the R-PE extracted from
Porphyra haitanensis were examined using spectroscopic
methods and denaturing gel electrophoresis (Table 2 and Figs.
1 and 2). The purified protein had three subunits, «, $ and v,
corresponding to molecular weights of 18, 23 and 33KDa, and
had its absorbance maximum at 565nm wavelength.

3.2. R-PE PDT effect on HeLa cells

In order to study R-PE as a photosensitizer on HeLa cells and
its cell toxicity in normal cells, we treated cells with different
purity and concentrations of R-PE for 4h and irradiated
them with 12.5 J/cm2 of HE-NE laser. As shown in Table
3, at a concentration of 60 pg/mL and purity ratio of 3.3,
the combination of 4h incubation with the R-PE and laser
irradiation resulted in cytotoxicity, where 18.6% +0.59% of the
HeLa cells survived, which is 34% +0.32% (n=6, p<0.01) less
than the same treatment but without laser irradiation and
1.5% £0.12% less than 5-FU group. The half lethal dose of R-PE
(purity 2.45) for the R-PE+PDT treatment was approximately
15 pg/mL. At this concentration the survival rate of HeLa
reached 73.5% +1.63% without laser irradiation. Cell death
induced by R-PE on normal endothelial cells after R-PE+PDT
treatment was examined at 3.5-60 pg/mL of R-PE. The results
showed that R-PE has low cell toxicity on normal cells and
good tumor-targeting characteristics.

As shown in Table 4, when R-PE was incubated with the
cells during rinsing with PBS and cells were then irradiated
with laser, no cytotoxicity was observed. These results revealed
that the laser irradiation (12.5 J/em2) alone produced no
cytotoxicity.

3.3. Apoptotic analysis of R-PE+PDT-treated cells

To investigate the R-PE+PDT effect on cell apoptosis, HeLa
cells treated with R-PE alone and the combination of PDT and
different concentrations of R-PE (15, 30 or 60 ug/mL) were
harvested for morphological observation. As shown in Fig. 3,
the blank group of HeLa cells showed tight connections (Figs
3a, 3e); after R-PE treatment the cells became more separated
and loosely arranged with increasing concentration of R-PE
(Figs.3b, 3¢, 3d). The combination treatments of R-PE and
PDT changed HeLa cells into oval cells in suspension. A large
number of cells lysed (Fig. 3h) after the treatment with the
highest concentration of R-PE (60 pg/mL) and PDT.

For morphological observation of the PDT-treated cells,
the cells were stained with annexin V-FITC and propidium
iodide and examined under a fluorescence microscope. The
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green fluorescent spots represent viable apoptotic cells and the
red fluorescent spots represent non-viable apoptotic cells. As
shown in Fig. 4, the non-viable apoptotic cells increased as the
concentration of the R-PE increased (Fig. 4b, 4c, 4d), and the
additional PDT treatment significantly enhanced the effect.

3.4. Expression of caspase-3, casapse-10 and Bcl-2 mRNA

Expressions of Caspase-3, Caspase-10 and Bcl-2 mRNA were
determined using RT-PCR. As shown in Fig. 5, with increasing
concentrations of R-PE Caspase-3 and the Caspase-10 mRNA
transcription increased. In contrast, Bcl-2 mRNA transcription
decreased as the concentration of R-PE increased.

A quantitative real-time PCR assay was carried out to
determine the transcript levels of Caspase-3, Caspase-10 and
Bcl-2 in HeLa cells after R-PE+PDT treatment. Caspase-3
mRNA expression increased with increasing concentration

of R-PE. At the concentration of 60 pg/mL R-PE Caspase-3
mRNA increased 22.1-fold in comparison to the control (Fig.
6A). However, the transcript levels of Caspase-10 mRNA were
unchanged until the concentration of R-PE reached 60ug/mL,
where the Caspase-10 mRNA expression increased 8.45-fold in
comparison to the control (Fig. 6C). In contrast, Bcl-2 mRNA
decreased significantly with increasing concentration of R-PE.
At the concentration of 60ug/mL, Bcl-2 mRNA expression
decreased 0.15-fold compared to the control (Fig. 6B). All these
results were consistent with results shown in Fig. 5.

3.5. Inhibitory effect of R-PE on S180 tumor-burdened mice

As shown in Table 5, the inhibition effect of R-PE on S180
had an obviouse dose effect. The R-PE in the high dose group
(300mg-Kg'bw-d!) showed much greater tumor inhibition
rate, 41.3%+1.22% (n=12, p<0.01), than the 7.89+0.44 in the 5-FU

Fig.3. Cell morphological observations. (a), (e)blank group; (b), (c), (d)15, 30, 60pg/mL of R-PE treated group; (f), (g), (h)PDT treated with

15, 30, 60pg/mL R-PE group. Irradiation dose of PDT was 12.5)/cm?

Fig. 4. Cell apoptotic analysis by Annexin V-FITC / PI double fluorescent.(a), (e) blank group; (b), (c), (d) 15, 30, 60pg/mL of R-PE treated
group; (f), (g), (h)PDT treated with 15, 30, 60ug/mL R-PE group. Irradiation dose of PDT was 12.5J/cm?
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TABLE 3
PDT effect of R-PE on Hela cell line. n=6. Mean + SD. The blank group was the control. *P<0.01 vs. control

Cell survival rate(%)

Group
HeLa cells Endothelial cells
24h PDT(24h) 48h PDT(48h) 24h 48h

Blank 100.0+0.00 100.0:+0.00 100.0+0.00 100.0+0.00 100.0+0.00 100.0+0.00
5-FU 23.9+3.47 22.1+4.12 19.3£1.56 20.1+0.47 38.9+0.31 32.6+1.87
Concentration of R-PE (ug/ml), purity ratio 0.56

3.5 97.9+0.31 96.3+1.42 94.8+3.11 93.9+1.44 97.84+0.06 98.1+0.04
7.0 94.8+1.33 90.3+1.53 90.7+0.89 74.613.71 96.3+0.0,9 98.2+0.14
15 87.9+0.24 86.4+1.41 84.5+1.81 71.842.99* 96.4+ 0.07 97.3+0.05
30 86.9+1.22 72.943.11 83.3+1.76 59.4+2.22* 94.5+0.05 97.7+0.35
60 82.1+0.40 59.1+7.87 78.2+0.59 47.1+0.79* 90.0+0.06 93.8+0.25
Concentration of R-PE (ug/ml), purity ratio 2.45

3.5 93.4+2.36 84.7 £0.18 89.1+2.16 83.5+0.89 98.3+£0.12 98.7+0.04
7 82.7+5.01 71.6+0.67* 84.2+2.08 71.9+0.51* 97.2+0.22 98.1+0.10
15 74.9+10.9 52.442.72* 73.5+1.63 48.2+1.30* 97.5+0.09 97.840.11
30 69.9+4.64* 33.9+0.75" 58.6+1.14* 29.3+0.27* 96.7+0.15 96.9+0.08
60 57.4+2.20* 20.9+0.86* 52.5+0.91* 18.6+0.59* 92.1+0.08 95.8+0.32

Irradiation dose of PDT was 12.5J/cm?
TABLE. 4

Hela cell survival rate irradiated with laser

n=6. Mean + SD

Cell survival rate (%)

Laser intensity(J/cm?)

24h 48h
0.00 100.00£0.00 100.00+0.00
12.50 97.20+2.38 98.70+3.12
Irradiation dose of PDT was 12.5J/cm?
Caspase-3 Caspase-10 Bcel-2
1 | 2 3 4 | 5 | 6 7 8 | 9 ‘ 10 11 12 |

a—— L J—

Fig. 5. Detection of Caspase-3, Caspase-10 and Bcl-2 mRNA transcripts in PDT-treated Hela cells. Total RNA was isolated from Hela cells
for RT-PCR analysis using the Caspase-3, Caspase-10 and Bcl-2 gene-specific primers. The Beta-actin gene was used as a control. Line 1-4,
5-8 and 9-10 all represent 0, 15, 30 and 60 pug/mL R-PE PDT-treated Hela cells.
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(20mg-Kg'bw-d!) treatment group. Furthermore, R-PE appeared
to have a significant protection role rather than a harmful role to
immune organs of tumor-bearing mice in 5-FU treatment.

In comparison to the model group, R-PE significantly
improved SOD enzyme activity and reduced the content of
MDA in mice. SOD enzyme activity in the R-PE treatment
group was greater than the blank group and reached
109.24430.89 U/mL.

As shown in Table 5, R-PE increased the rate of lymphocyte
production. The lymphocyte prolifiration ratio increased by
66.7%+4.47% for the R-PE high dose group. Furthermore, the
R-PE high dose group significantly improved the killing activity
of NK cells (n=12, p<0.01) on HeLa cells, up to 41.13%3.74%.

R-PE also significantly irritated the secretion of TNF-aby
mononuclear macrophages in tumor-bearing mice (n=12,
p<0.01).

3.6. Histopathology of the S180 sarcoma sections of the mice

As shown in Fig. 7, the tumor cells in the model group were
mononucleated or multinucleated in a large dense patch.
Tumor giant cells and the nucleus were hyperchromatic,
nuclear division was easy to see and small tumor cells were
observed in the cytoplasm .The tumor infiltration of the soft
tissue was deep, and less fibrous tissues were observed in the
tumor tissue. In contrast, the tumor cells in R-PE treatment
group were arranged loosely, and tumor giant cells decreased
significantly. Very little tumor infiltration of tumor biopsies
was observed. The fibrous tissue increased significantly
as the concentration of R-PE increased. A large number of
lymphocytes and macrophages were observed to infiltrate into
the tumor tissue to kill the tumor cells. Therefore, R-PE showed
significant antitumor effect and obviously had a dose effect.

TABLE. 5

Effect of R-PE on the immune ability of mice bearing S180 sarcoma

Group Normal Model 5-FU R-PE(LD) R-PE(MD) R-PE(HD)
Inhibition rate (%) — — 7.89+0.44 15.11+0.46 32.11+1.39 41.30+1.220
Liver index(mg/10g) 474.49+19.11 539.17+39.31 567.86+25.43 539.48+25.46 564.50+£139.59 572.61+12.11
Spleen index(mg/10g) 41.71+1.74 62.21+2.75 52.19+3.10 61.90+1.75 69.67+2.02 76.46+2.46°
Thymus index(mg/10g) 36.58+2.12 24.33+1.56 15.89+0.91° 35.57+2.31P 28.90+1.26 27.09+2.40
serum
SOD(U/mL) 102.43+13.30 82.67+7.30 57.77+8.34P 85.49+9.18 86.40+8.33 109.20+10.89°°
MDA (mmol/mL) 4.33+£0.41 8.54+0.3722 7.01£1.49 6.77+1.09 6.57+0.19 6.57+0.35
Liver
SOD(U/mgprot) 280.82+18.22 263.58+12.42 253.48+12.66 267.12+£10.46 278.09+11.17 289.64+18.58
MDA (nmol/mgprot) 8.40+0.53 10.90+0.34 8.35+0.24 6.87+0.28 5.40+0.57° 4.70+0.18 bb
Lymphocyte proliferation (%) 60.47+6.43 13.88+1.2022 23.32+2.71° 47.90+1.40° 51.42+3.12bP 66.71+4.47 0P
NK cells killed activity(%) 25.32+2.31 18.19+1.45% 13.70+1.54 21.73+1.93 28.57+2.69 P 41.09+3.74°P
TNF-a level (ng/L) 76.51+1.95 81.10+£5.29 92.12+2.96 101.20+0.53 P 111.2+1.24 0P 118.50+0.16 PP

Values are expressed as mean + SD for twelve mice in each group. One-way ANOVA repeated measures with Duncan’s multiple range test was used to calculate

statistical significance.

a Indicates statistical significance of p < 0.05 compared to the Normal group;
a5 < 0.01 compared to the Normal group;

b b < 0.05 compared to the Model group.

bbp < 0.01 compared to the Model group.
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Fig. 6 Quantitative real-time PCR analysis of Caspase-3(A), Caspase-10 (C)and Bcl-2 (B)mRNA transcripts in PDT-treated Hela cell after
treated with 0, 10, 30 and 60pg/mL R-PE.Caspase-3, Caspase-10 and Bcl-2 mRNA levels were normalized with beta-actin mRNA levels.
Bars represented the meanSD (n=3) .significant differences between R-PE PDT-treated and the control were indicated with one (p <
0.05) or two (p < 0.01) asterisks.
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5-FU

R-PE (LD)

R-PE (MD)

R-PE (HD)

Fig. 7 Histopathology and cytopathology of the S180sarcoma sections of the mice (tissues were stained with H&E, 200x). (arrow 1) S180

sarcoma cells, (arrow 2) lymphocyte and phagocyte cells.

4. DISCUSSION

Phycoerythrin fluorescence properties are a consequence of
interactions between covalently bound bilin chromophores
and the apoprotein (21). Phycoerythrin was found to be
sensitive to heat and light in aqueous solution and has strong
fluorescence properties in vitro. Under laser irradiation (22),
R-PE can absorb and transmit the light to the surrounding
oxygen and produce singlet and reactive oxygen species
components. These light reaction products can kill cancer
cells (23). Antitumor drugs screening by cancer cells has been
widely adopted. In vitro experiments showed that R-PE has
a significant inhibition on HeLa cells; this effect is obviously
dose dependent and additional PDT treatment can obviously
improve the effect.

Cell apoptosis is a kind of energy dependence and
programmed cell death. Caspase, a member of the aspartic acid
specific homocysteine protease (caspase) family, can degrade
the antiapoptotic protein and induce the release of cytochrome
C of mitocondria. Caspase can also reduce the inhibitory
effect of DNAase by ICAD (inhabitor of caspase DNAase) and
improve the [Ca?"] density of cells and activate the DNases,
thus inducing cell apoptosis (24, 25). On the contrary, Bcl-
2 protein can inhibit cell apoptosis by reducing membrane
permeability of the mitochondria and preventing the release
of cytochrome C (26). In vitro characterization studies revealed
that exposure with R-PE to 632.8 nm laser light produced
significant cytotoxicity on HeLa cells in a concentration-
dependent manner. QRT-PCR studies showed that R-PE
promoted the mRNA expression of caspase-3 and caspase-10,
but inhibited the mRNA expression of Bcl-2 in a concentration-
dependent manner.

It is generally acknowledged that cellular immunity plays
a leading role in anti-tumor immunity. Cellular immunity
is mediated by sensitized T cells and lymphatic factor; its
characteristic is the inflammation caused by cell infiltrating,

and lymphocyte T cells, macrophages, and the mechanism of
NK cells are the important effect cells (27). In vivo, R-PE can
improve lymphocyte proliferation capacity, the kill activity of
NK cells of tumor-bearing mice and inhibit tumor growth.

Tumor necrosis factor a (TNF-a) secreted by mononuclear
macrophages can combine with TNFR I to induce cell
apoptosis by the death structure domain of the cell. It can also
increase the membrane surface molecules of cell apoptosis
(FAS) to express and through the FAS/FASL pathway
induce the cell apoptosis. Meanwhile, TNF-a can inhibit the
angiogenesis of the tumor and obviously increased the kill
activity of the LAK cells, tumor infiltrating lymphocyte cells
and NK cells (28). The results from this study demonstrated
that the anti-tumor effect of R-PE resulted through its
anti-oxidative activity, improving apoptosis protease gene
expression, immunity enhancement and promoting the
secretion of the TNF-a. Therefore R-PE could be a potential
drug in the prevention of cancer.
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