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The interest in the biological effects of non-ignizing
electromagnetic fields (EMFs) on the whole organism, as
well as on cellular systems, has considerably mcreased' in
recent years in consideration of their probable. health ns_k
for humans. EMFs are distributed everywhere in the envi-
ronment since they are generated by natural and artiﬁc.ial
sources (from the generation and transmission of electric-
ity to domestic appliances and. industrial equipment, to
telecommunications and broadcasting). Findings on the
effects of EMFs exposure on humans are often contradic-
tory and, therefore, difficult to interpret. However, epit!e-
miological studies have associated EMFs exposure with
increased incidence of cancer, even if no direct evidence
of tumorigenicity have ever been demonstrated. Contra-
dictory are also the data in the literature concerning the
biological effects of EMFs, mostly due to the multiplicity
of experimental conditions (i.e., in vitro or in vivo models,
intensity and type of field, oscillatory or static, time of
exposure, metabolic state of the cells, etc).

However, converging data indicate that the primary
site of action of EMFs is the plasma membrane [18]. The
influence exherted by EMFs on plasma membrane has
been described at different levels: on the electrochemical
balance of the membrane [15], on its surface [16], on the
distribution of membrane proteins [1] and membrane re-
ceptors, on the cell-cell and cell-matrix junctions [21], on
the sugar residues on cell membrane [3, 4], and on trans-
membrane fluxes of different ions especially calcium [5,
24], in turn these perturbations influence the apoptotic
rate, cellular shape and cytoskeleton [5, 6].

Taking into account a link between childhood leuke-
mia and exposure to EMF and the fundamental role
played by the physiological condition and/or the develop-
mental story of the cells for the response to the (E)MFs
exposure, our study was focused on the differentiation of
the monocytic U937 cell line under continuous exposure
to 6mT static MFs (SMFs). These cells preserve all char-
acteristics of in vivo monocytes including the ability to
differentiate in mature macrophages under the effects of
different inducers. Differentiated U937 cells adhere to the
culture piate and acquire phagocytic capability. Unluckily,
data of literature regarding the effects of EMFs on cell

adhesion and phagocytosis are scarce and very contradic-
tory. Studies of Blumenthal et al. [2] showed an inhibition
of cellular adhesion in the presence of EMFs and MFs for
fibroblasts and human melanoma cells. Even more doubt-
ful are the data on monocytes differentiation into macro-
phages by phorbol esters [20, 23] and those on phagocyto-
sis [8, 20].
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It is worth noting that many of the properties of the

mature macrophages are plasma membrane mediated, and
therefore influence of static MFs on the differentiation
process of U937 (in particular for adhesion and phagocy-
tosis) can be hypothesized. In this context aim of the pre-
sent work has been the study of the macrophagic differen-
tiation of human pro-monocytic U937 cells under static
MFs exposure. In the present paper the effect of 6 mT
SMFs on the macrophage differentiation of U937 cells,
with respect to degree of differentiation, phagocytic activ-

ity, cell surface markers, cell shape and F-actin integrity, -

has been reported, giving evidence of biological effect of
the SMFs exposure.

Design and Methods

Celis and cultures
The human monocytic U937 cells and peripheral
blood lymphocytes (PBL) were cultured in RPMI 1640

medium at 37°C supplemented with 10% inactivated fetal

calf serum (FCS), 2 mM L-glutamine, 10.000 IU/ml ni-
statine, 100 JU/ml penicillin and streptomycin in a hu-
midified atmosphere of 5% CO,; cells were used at the
density of 1x10°cells/ml. Peripheral mononuclear blood
cells were obtained after gradient separation of buffy
coats from nonsmoking healthy male blood donors. PBL
were separated from monocytes by double adherence to
plastic; they were over 95% pure as judged by morpho-
logical criteria. They were used on the first day of explant,
at a cell density of 1x10° cells/ml.

Magnetic field application

SMFs were produced by metal magnetic disks of
known intensities. Unlike electric fielddriven, solenoid-
generated MFs, SMFs do not induce any temperature in-
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1ucrease. Magnetic disks used had a magnetic induction of 6
mmT (1T=10°G). Magnets were placed under the culture
“IPetri dish. Since MFs decreases according to the square of
iithe distance, the actual field intensity on the cells was
iucalculated considering the square of the thickness of the
idbottom of the Petri dishes (1.2 mm). MFs were applied
isconcomitanly with differentiation inducer.
Macrophagic differentiation
U937 cells were differentiated on a substrate of fi-
dbronectin 10ug/ml left on the bottom of dishes for 18 Ars
pat 4°C, and then saturated with bovine serum albumin-
gphosphate buffer (BSA-PBS) 1% for 90 minutes at 12°C.
AMacrophage differentiation was induced with: 50 ng/ml
[ 12-0-tetradecanoil-13-phorbol acetate (TPA), 10% di-
nmethyl sulfoxide (DMSO), 100 mM/L Zn**, and with low
sconcentration of glutamine 0,05 mM/L (using a culture
nmedium not supplemented with L-glutamine). Differentia-
iition was monitored for 3 days from the addition of the
liinducers and its degree was evaluated by morphological
ccriteria and by Nitro blue tretrazolyum test (NBT).
Scanning electron microscopy
Cells, fixed with 2,5% glutaraldehide in cacodilate
tbuffer 0.1 M pH 7.4 for 30 min on ice, were washed twice
iwith the same buffer and post-fixed with 1% OsOj; in
icacodilate buffer for 1 h at 4°C. Dehydratation was done
fat 4°C by using increasing graded acetone up to 100%.
Critical Point Drying was performed with a 020 Balzer
\CPD. Samples, mounted on conventional SEM stubs,
‘were gold-coated by sputtering device (Sputter Coated
D40 Balzer). Observations were carried out with a Philips
XL 20 scanning electron microscope at 5-15 KV.
Lectins, phosphatydilserine and phalloidin cytochem-
istry
Cells, fixed with 4% formalin in phosphate buffer pH
7.4, 5 min, were labelled with lectins-FITC conjugates,
1.e. Concanavalin-A (Con-A) (D-mannose) (40 ug/ml) and
Ricinus communis (D-galactose) (2 ug/ml), 30 min in the
dark. Phalloidin-FITC conjugate (10 uM for 20 min) was
ased to analyze F-actin. Annexin V-FITC (6 ug/ml), 30

min in the dark, was used to analyze phosphatydilserine
(PS) exposed on the external layer of plasma membrane.
Phagocytosis of latex beads and apoptotic lympho
cytes
Fluorescent latex beads, 2 um in diameter, were added
to the culture medium (in a rate of 10 beads for 1 cell) of
U937 cells, differentiated in presence and absence of

“static MFs. After 15, 30 min., 1, 2, 3 h the cells were

washed at least 10 times in PBS and then fixed with 4%
formalin. U937 cells were marked with phalloidin-FITC
conjugated. Samples were observed with conventional and
confocal fluorescent microscopy (PCM 2000 Nikon mi-
croscope) and cells that had adhered or phagocyte latex
beads were counted. Lymphocytes, induced to apoptosis
with puromycin (PMC) 10 ug/ml for 4 h or with cycloex-
himide (CHX) 10 M for 24 h, and labelled with Hoechst
33258 1 pg/ml for 5 minutes, were added to the culture
medium (in a rate of 1:1) of U937cells, differentiated in
presence or absence of SMFs for up to 3 A To inhibit
phagocytocis, U937 cells were treated with a solution of
80 mM Mannose/D-galattose/N-acetilglucosammine for
20’ before adding apoptotic lymphocytes. Samples were
analyzed at 15, 30 min, 1, 2 and 3 h of phagocytosis with
conventional and confocal fluorescent microscopy (PCM
l2000 Nikon microscope). Apoptotic indices were calcu-
ated.

Results and their Discussion

U937 cells are round-shaped cells with short micro-
villi, scarce cytoplasm and a large beam-shaped nucleus.
U937 cells can be induced to differentiation by a large
number of substances (TPA, DMSO, Zn and low concen-
tration of glutamine). In their differentiated stage these
cells assume a typical macrophage aspect, they adhere to
substrate, change morphology (more irregular shape with
pseudopodia), acquire the phagocytic capability and a
positive reaction to NBT (Fig.1).

Fig.1. Light micrographs of hematoxylin/eosin stained undifferentiated (a) and TPA
differentiated (b, 2 days; c, 3 days)U937 cells. Magnifications: a) 1000x; b) 1800x; c)800x

Mepuunrcxan Hayka Apmenuu Ned 2004



: 2 : ol

The most efficient molecule in our experiments, in
ing macrophage differentiation of U937 cells, hfas been
TPA, followed in decrescent order by low glutamine con-
centration, Zn"™* and DMSO, as evaluated at light and
electron microscopy and with the NBT. The degree of

U937 differentiation is time-dependent; it increased dur-
ing the second and the third day of treatment. When U937
cell differentiation was allowed under SMFs cxposure, g
decreased degree of differentiation was found at all timeg
measured and with all inducers (Fig.2a,b).
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Fig.2. (a) Percentage of differentiated U937 cells after treatment with 50 ng/ml lZ#tc@wmoil-l3-phoMl acetate (TPA),
IO% dimethyl sulfoxide (DMSO), 100 mM/L Zn**, and with low concentration of glutamine 0,05 mM/L (using a culture me-
dium not supplemented with L-glutamine). (b) Percentage of differentiated U937 cells after treatment with 50 ng/ml TPA in

presence or absence of 6mT static MFs

Differences regarding cellular shape but not adhesion
rate were also measured in macrophage differentiated
cells in presence of SMFs. Exposure to SMFs altered both
cell (U937 cells and lymphocytes) surface expression (i.e.
ConA and Ricinus communis binding sites, PS) as well as
F-actin distribution (Fig.3). Interestingly, when lympho-

cytes were simultaneously induced to apoptosis and ex-
posed to SMFs, the modifications exerted by the apoptotic
program were preventing by SMFs exposure: the labeling
was similar to those observed for untreated lymphocytes -
in absence of SMFs (Fig.4).

Fig. 3. ConA-FITC binding to undifferentiated (a,b) and differentiated (c,d) U937 cells in presence (b,d)
or absence (a,c) of 6mT static MFs. Magnification: 800x .

We tested the capability of TPA differentiated U937,
in presence or absence of SMFs for 3 days, to phagocy-
tose apoptotic lymphocytes and latex particles. Differenti-
ated U937 cells are very active in the phagocytosis of
apoptotic lymphocytes, while the exposure to SMFs re-
duced, up to 2 h, the number of cells internalizing apop-
totic lymphocytes.

However, the phagocytic indices of both exposed and l
non exposed cells were almost comparable after 3 & of
phagocytosis. The reduced rate of recognition, observed at -
the short time of phagocytosis under SMFs, was not de-
pendent on the inducer. used to trigger apoptosis of lym- |

phocytes (Fig.5, 6).
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Fig. 4. ConA-FITC binding to normal (a,b) and apoptotic (c,d) lymphocytes in presence (b,d) or absence

(a,c) of 6mT static MFs. Magnification: 1400x

In fact, the same results were obtained by using lym-

| phocytes triggered to apoptosis by CHX or puromycin. To
verify if this delay was specific for the phagocytosis of

i apoptotic lymphocytes or was a common alteration of the
phagocytic process under SMFs, internalization of latex
particles was tested. Indeed, similar data were observed
for phagocytosis of latex particles. Therefore, our data

suggest that exposure to SMFs delay the process of
phagocytosis. Conversely, if we compare the percentage
of cells that are phagocyting latex particles and the per-
centage of cells that have latex particles adhering to the
cell surfaces, we see that adhesion is favoured under
SMFs, in particular at longer time examined.
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Fig.5. Time course of the percentage of phagocytosis of apoptotic lymphocytes by
differentiated U937 cells in presence or absence of 6mT static MFs

Therefore, there is an increase in the percentage of
cells that bind but not ingest apoptotic lymphocytes. It
appears that SMF exposure favour the adhesion but slow
down the efficiency of ingested particles. By using a ga-

 lactose-mannose solution as inhibitor of phagocytosis, we
surprisingly found a diminishing percentage of phagocy-

tosis in the presence of this solution, thus indicating a
recognition and a removal partially mediated by lectin like
interactions. Moreover, the reduction of the phagocytic
activity exerted by the SMFs is not cell type-dependent
since we obtained the same results also for HepG2 cells.

Fig.6. Fluorescent apoptotic lymphocytes phagocytosed after 30 min of coincubation by differ-
entiated U937 cells in absence (a) or presence (b) of 6mT static MFs
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Conclusions _
In the present paper the effect of 6 mT static MFs on

the macrophage differentiation of U93_7 cell:‘z..with respect
to degree of differentiation, phagocytic activity, cell sur-
face markers, cell shape and F-actin integrity, has begn
reported, giving evidence of biological effect of the static
MFs exposure.

The most efficient molecule to induce macrophage
differentiation of U937 cells, among those tested, has
been TPA. Phorbol ester is indeed well known to induce
with a high efficacy differentiation of monocytic cells,
most likely through interaction with protein kinase C
(PKC) [7,9-11, 14, 17, 22].

Our data, conversely, are not in agreement with those
of other authors showing that a substrate of fibronectin
saturated with BSA induced U937 cells differentiation.
Much more controversial are the data regarding the effects
of SMFs on the U937 cells differentiation, cell adhesion
and phagocytosis. Our data indicate that SMFs influenced
the differentiation process of U937 cells induced by TPA,
DMSO, Zn++ or low glutamine concentration. In fact,
static MFs exposure diminished the degree of TPA differ-
entiated cells, but, conversely, not the adhesion to the sub-
strate. In addition, from our data it derives that TPA and

SMFs have not an additive effect on U937 differentiation,
SMFs exposure gave rise to other modifications on differ.
entiated U937 cells that were related to: cell surface ang
shape, F-actin distribution and expression of sugar resj.
dues and PS. However, these modifications exherted by
static MFs exposure are not directly linked to the differen-
tiative process, since modifications of cell shape, F-actin
and plasma membrane have been reported also for cells
not under the differentiation process, further supporting
the fact that plasma membrane is the primary site for
SMFs action. Phagocytosis under static MFs or EMFs has
been reported to increase as well as to decrease [20].

We showed a reduction of the phagocytic rate at short
time (up to 2 h), that reached control value at the third
hour. Phagocytosis is a very complex phenomenon and
phagocytosis of apoptotic cells is even more complex, due
to the ability to prevent inflammation or immunore-
sponses [19]. Many consecutive causes can converge and
lead to a reduced phagocytic index, like variation of Ca™*
concentration that modulates cytoskeleton that can affec
engulfing capability on one side, while modifications of
cell surface can affect binding to apoptotic lymphocytes
or latex particles.
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EjtljunpundugGhumijm nuzwh wqgkgmpimbp dninghwGbph dwipnbwquishl nhpbpkigiut
L wiynupnnquijhG jpinghnbbph YihptGuh gpu

L. 2hth, L. Upppn

In vivo ujuiwGGEpmy nuundGuuhpby £ Swpnljpo-
JhG wpninGnghouwshG U937 poheltiph dwypnpwqbph
nhbbptlGgiwi pGpwugpp hwumwmnb wqGhumiuG
nuyuh Ghpgnpémipjul wwjtwiibpnni: fwgwhwjn-

Yoy t npw pugwuwhwG wqntgmpymGp poheGhph
nhptptlgiwl wuwhswbh, Gpulg pwgnghunwp wl-
whympjwuG, peowjhG dwybpbuh gmghsGiph L F-
winhGh wipnnowlmGnipjuG Jpu:

BimsHAe 316KTPOMATHATHOTO H3JIyJeHHs HA MOHONMT-MaKpOo(arayio ma¢depernEanmI0 1
KJIHpEHC al0NTO3HIX JAM(OIHTOB

JI. Tunm, JI. AGGpo

B 3kcnepuMenTax in vivo NpoBEAEHO MCClIeIOBaHME
nponecca AuPepeHIMANHH MaKpO(aroB HeroBedECKuX
IpoMoHomMTHEIX U937 kieTok nox Bo3aeHcTBHEM mOCTO-
AHHOTO MarHMTHOrO MOJIA. BHIABIEHO €ro OTpHIATENHHOE

BIIMSHHE HA CTeNeHb Au(epeHnmaniy KieTok, ux garo-
UHATapHYI0 AKTHBHOCTb, MApKEPh! KJIETOYHOM MOBEPXHO-
CTH H IeNOCTHOCTE F-akTHHa.
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