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ABSTRACT

Environmental factors such as air pollution by particles and/or electromagnetic fields (EMFs) are studied as
harmful agents for human health. We analyzed whether the combined action of EMF with fine and coarse
black carbon (BC) particles induced cell damage and inflammatory response in RAW 264.7 cell line macrophages
exposed to 2.45 GHz in a gigahertz transverse electromagnetic (GTEM) chamber at sub-thermal specific absorp-
tion rate (SAR) levels. Radiofrequency (RF) dramatically increased BC-induced toxicity at high doses in the first
24 h and toxicity levels remained high 72 h later for all doses. The increase in macrophage phagocytosis induced
after 24 h of RF and the high nitrite levels obtained by stimulation with lipopolysaccharide (LPS) endotoxin 24
and 72 h after radiation exposure suggests a prolongation of the innate and inflammatory immune response.
The increase of proinflammatory cytokines tumor necrosis factor-o, after 24 h, and of interleukin-1p and
caspase-3, after 72 h, indicated activation of the pro-inflammatory response and the apoptosis pathways through
the combined effect of radiation and BC. Our results indicate that the interaction of BC and RF modifies macro-
phage immune response, activates apoptosis, and accelerates cell toxicity, by which it can activate the induction
of hypersensitivity reactions and autoimmune disorders.
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1. Introduction

Genetic and environmental factors work together in the emer-
gence and development of many diseases in modern society
(Adams et al., 2010). Among the environmental factors, air pollution
from particulate matter (PM) and other harmful substances are
strongly associated with inflammatory and autoimmune diseases
(Anaya, 2012). The immediate, local impact of inhaled particles is
very obvious, but it is difficult to know how PM can affect, initiate
or aggravate autoimmune processes (Ritz, 2010; Gawda et al.,
2018). Environmental soot from black carbon (BC) in a size range
of 10 nm-1 mm (Wang et al., 2014) is the largest component of
PM and causes premature human mortality and disability (Goto,
2014). BC can provoke a chronic inflammatory condition and plays
a fundamental role in the development of cancer, cardiovascular
dysfunction and respiratory diseases (Niranjan and Thakur, 2017).
It causes direct toxicity and produces oxidative stress by affecting
the mitochondria and initiating apoptosis, autophagy (Jing et al.,
2019) and increased calcium intake (Deweirdt et al., 2020). BC
also provokes systemic toxicity by causing secretion of inflamma-
tory mediators and cytokines, which amplify the immune response
(Patel et al., 2013). The presence of this very damaging air compo-
nent in European countries has motivated research to discover
efficient, economic ways to measure and monitor PM pollution
(Salas-Sanchez et al., 2020).

The widespread use of new wireless technologies and applications
has created a need for studies on the health effects of electromagnetic
fields (EMFs). There is strong evidence that long-term exposure to
certain EMF sources constitute a risk factor for certain types of cancer
(Belyaev et al., 2016). Similarly, numerous studies on the effects of
Wi-Fi in the 2.45 GHz bandwidth have shown it to cause oxidative
stress, apoptosis, cellular DNA damage and calcium overload- (Pall,
2018). In prior research on continuous and combined exposure to two
radiofrequencies (RF) of 2.45 and 0.9 GHz, we also found decreased
phagocytic activity, increased inflammation and cytoprotective or cyto-
toxic responses along with evidence of cellular stress and increased pre-
apoptotic activity (Lépez-Furelos et al., 2018, 2016).

Human life and reality involve exposure to combined stressors
(Kostoff et al., 2018). Numerous studies have shown that stress
factors, chemical cytotoxins and physical factors can influence nor-
mal cellular function (Wéjcik-Piotrowicz et al., 2017). Our general
ignorance about the biological effects of electromagnetic fields in
dependence on the action of other agents has makes it necessary
to develop laboratory models to test hypotheses about the com-
bined and/or simultaneous effects of exposure of environmental
particles and non-ionizing electromagnetic radiation, as we have
already suggested (Salas-Sanchez et al., 2019). The possibilities of
additive effects, antagonism, synergy or facilitation between elec-
tromagnetic fields and pollution agents should be investigated
(Kostoff and Lau, 2013). Macrophages play an essential role in or-
chestrating the inflammatory responses induced by exposure to air
pollutants and in interaction with electromagnetic fields, as evi-
denced in the use of macrophage cell lines to test for environmental
pollutants (Hiraiwa and Van Eeden, 2013; Jalava et al., 2009; Lopez-
Furelos et al., 2018). To discover how combined exposure to BC par-
ticles and electromagnetic fields affects the innate immune response
and cell viability, RAW 264.7 cell line macrophages (RAW) were ex-
posed to 2.45 GHz RF for 24 or 72 h in a gigahertz transverse electro-
magnetic test chamber (GTEM). Several innate immune functions
were then studied and evaluated, including: oxidative stress
through the quantification of nitric oxide (NO) production after
stimulation with bacterial lipopolysaccharide (LPS), phagocytic ac-
tivity, proinflammatory activity by determining cytokine expression
of tumor necrosis factor-alpha (TNF-a) and interleukin-1(3 (IL-1B),
and pre-apoptotic activity measured through caspase-3 gene
expression.
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2. Material and methods
2.1. Cell culture

The experiments were conducted with the RAW murine macro-
phage cell line, acquired from the American Type Culture Collection
(ATCC®, USA), which is routinely cultured in Iscove's Modified
Dulbecco's Medium (IMDM; GibcoTM, Paisley, UK), supplemented
with 3.024 mg/l NaHCO5 and 10% of heat-inactivated foetal bovine
serum (FBS; GibcoTM). Cells were maintained sub-confluent at 37 °C
in humidified air containing 5% CO».

Three different culture media were used: 1) In the sub-confluent
cultures (70-90%) of the RAW cells, 90% of the old IMDM medium
was removed. The cells were mechanically re-suspended by scraping
(plastic scraper), then transferred to a new 75 cm? flask (Thermo Fisher
Scientific, Waltham, MA, USA) at 1:3 to 1:6 concentration, depending on
the initial cell concentration obtained (from a culture flask to 3 or 6),
and new medium was added. The flasks were incubated horizontally
under conditions of 5% CO, at 37 °C. The new medium had to be tem-
pered at 37 °C before using it for renewal. 2) Leibovitz L-15 medium
(GibcoTM) was used during radiation to avoid the use of a CO, incuba-
tor, as its formula does not contain bicarbonate as a buffer. L-15 medium
also requires growth factors, so 10% FBS was added. 3) Dulbecco's Mod-
ified Eagle Medium/F-12 Nutrient Mixture 1:1 containing 2 mM L-
glucosamine and 15 mM HEPES (DMEM, GibcoTM) and supplemented
with 10% FBS was used to perform the NO and MTT assays, to avoid in-
terferences in the results associated with the phenol red pH indicator
that was present in the other media used in the study.

2.2. Characteristics of particulate samples

Glassy spherical BC powder measuring 0.4-12 pum (Thermo Fisher
Scientific MFCD00133992 Kandel, Germany) was used in this study.
The compound was prepared as 1 g/ml stock solutions in dimethyl
sulphoxide (DMSO) and kept in the dark at room temperature until
use. The stocks were diluted just prior to use in IMDM, DMEM or L-15
medium containing 10% FBS to obtain the final concentrations required
for each assay.

2.3. Experimental design

The experimental groups (G) were divided according to the follow-
ing experimental design:

- G1: Non-irradiated control cell cultures studied after 24 h.

- G2: Cell cultures with 1.5 ug/ml (G2A) or 150 pg/ml (G2B) BC
without irradiation and studied after 24 h.

- G3: Cell cultures irradiated for 24 h.

- G4: Cell cultures with 1.5 pg/ml (G4A) or 150 pg/ml (G4B) BC and
irradiated for 24 h.

- G5: Non-irradiated control cultures studied after 72 h.

- G6: Cell cultures with 1.5 pg/ml (G6A) or 150 pg/ml (G6B) BC
without irradiation and studied after 72 h.

- G7: Cell cultures irradiated for 72 h.

- G8: Cell cultures with 1.5 pg/ml (G8A) or 150 pg/ml (G8B) BC and ir-
radiated for 72 h.

See Table 1.
24. Experimental radiation system

In this work, an experimental radiation system analogous to the one
described in Lopez-Furelos et al. (2018) was used, except that only one
frequency was applied (2.45 GHz) instead of the two (0.9 and 2.45 GHz)
analyzed in that work (Lopez-Furelos et al., 2018). The exposure setup
involved amplifying a 2.45 GHz pure sinusoidal signal from a vector
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Table 1

Experimental design groups.
Groups Treatment
G1 RAW non-RAD 24 h
G2A RAW BC 1.5 pug/ml + no RAD 24 h
G2B RAW BC 150 pg/ml + no RAD 24 h
G3 RAW RAD 24 h
G4A RAW BC 1.5 pg/ml + RAD 24 h
G4B RAW BC 150 pg/ml + RAD 24 h
G5 RAW non-RAD 72 h
G6A RAW BC 1.5 pg/ml + noRAD 72 h
G6B RAW BC 150 pg/ml + noRAD 72 h
G7 RAWRAD 72 h
G8A RAW BC 1.5 pg/ml + RAD 72 h
G8B RAW BC 150 pg/ml + RAD 72 h

signal analyzer and transmitting it to a GTEM chamber. An isotropic
probe was used to measure the field and determine the peak value.
This measurement was taken before placing the culture flask cells in
the chamber and adjusting a desired transmitted power of the signal.
Since it is possible to define the behavior of the chamber in the measure-
ment zone, these resulting values were used to create a simulation of
the GTEM chamber using three flat wave fronts that reproduced the
data obtained with the probe.

The electromagnetic parameters used in this experimental radia-
tion system and the simulation results related to the calculated
finite-difference time-domain (FDTD) are the SAR of these cell cul-
tures. The SAR represents a quantity of energy absorbed by the tissue
and it is described in Table 2. SAR values were estimated using SEM-
CAD X (FDTD)-based software (Schmid and Partner Engineering,
2009). An automatic thermoregulation system was designed to
maintain a constant temperature of 37 °C, as described by Lépez-
Furelos et al. (2018).

2.5. Radiation protocol

RAW cells were inoculated into 25 cm? culture flasks (Thermo Fisher
Scientific, Waltham, MA, USA) containing 20 ml of L15 medium supple-
mented with 10% FBS (at final concentration of 1 x 10° cells/ml). The
IMDM culture medium was replaced with L-15 medium during this ex-
perimental phase of the study. Then, the cells were exposed to radiation
for 24 or 72 h in the GTEM chamber (two cell cultures per group and
time) at the point of maximum field uniformity, with the culture flask
placed horizontally and the flask cup oriented towards the source of
radiation.

The non-irradiated experimental groups were simultaneously incu-
bated in L15 medium supplemented with 10% FBS for 24 or 72 hat 37 °C.

2.6. Cell viability analysis

2.6.1. MTT assay

Initially, the MTT (4,5-dimethyl-2-thiazolyl-2,5-diphenyl tetrazo-
lium) method was used. When this light-yellow substance is reduced
by living cells, it produces formazan, which is dark blue. This process re-
quires active mitochondria, so when cells die, formazan production de-
creases significantly. Cells (at a density of 1 x 10°/well) were incubated

Table 2
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for 24 h at 37 °C with 5% CO2 in 96-well plates containing medium with-
out phenol red (DMEM) and 10% FBS in a final volume of 100 pl. Then,
the cells were incubated at 37 °C with 50 pl/well of MTT solution
(1 mg/ml in PBS) for 4 h. Subsequently, the plate was centrifuged at
700g for 10 min, the medium was removed by aspiration and the cells
were solubilized in DMSO (100 pl) for 10 min. Finally, optical density
was measured at 540 nm using a microplate reader (Kumar et al.,
2018). The cell viability was calculated according to the following for-
mula: (%) = (OD of RAW + BC — OD of BC) / (OD of RAW — OD of
DMEM only) x 100 (Supplementary material).

2.6.2. Trypan Blue assay

RAW cell viability was also measured by staining with Trypan Blue
vital dye (Sigma-Aldrich St. Louis, MO, USA). After 24 or 72 h of treat-
ment, aliquots of 1 x 10° cells from each experimental group were col-
lected in a screw-cap test tube and centrifuged at 450 xg for 5 min. The
cell pellet was re-suspended in 500 pl of L15 medium without serum
and then 100 pl of 0.4% trypan blue stain in sterile phosphate buffered
saline (PBS; pH 7.2) was added to each cell suspension. The mixture
was incubated for 5 min at room temperature. Viable cells were counted
using a Neubauer haemocytometer under a light microscope (Nikon
Eclipse E-600, Japan). Trypan blue is reactive because the chromophore
is negatively charged and does not interact with the cell unless the
membrane is damaged. Therefore, all cells that exclude the dye are via-
ble. The cell suspension was inoculated in the haemocytometer, then 4
upper quadrants and 4 lower quadrants measuring 1x1mm each were
counted. Total live cells (without trypan blue staining) and dead cells
(with trypan blue staining) were counted and a percentage was ob-
tained for each group in relation to the total number of cells in all the
4 upper and lower quadrants. The viability of each group was measured
with the trypan blue cell test, using 6 samples per group.

2.7. Phagocytic activity

Phagocytic activity was determined from aliquots collected in
culture flasks containing RAW cells in L15 medium with 10% FBS
and treated with BC (final BC concentration of 150 and 1.5 pg/ml)
for 24 or 72 h and in culture flasks subjected to combined radiation
and BC treatment at both previously indicated concentrations and
treatment times. The phagocytic activity of macrophages was evalu-
ated on slides containing 10 pl of cells per sample, previously fixed
with 10% neutral buffered formalin (10% formalin in PBS, pH 7,2).
Phagocytic activity was evaluated by 100x light microscopy (Nikon
Eclipse E600) with immersion oil in 100 cells (groups G2, G6 and
groups G4, G8). Each macrophage was examined to determine
whether it had phagocytosed or not, and the BC particles were eval-
uated in 25 of the 100 macrophages per group. Semi-quantitative
measurement of the number of particles that were adhered to or in-
ternalized within the macrophage was also recorded (0-5; 5-10 and
more than 10) (see Tables 3A and 3B). An overall calculation of the
macrophages that had phagocytosed or with adhered particles was
established to determine the average phagocytic capacity of each
group, establishing a percentage for each set of 25 macrophages
out of the 100 measured per group.

Table 3A
Semi-quantitative determination of individual radiated cells at 24 h.

RAW BC 1.5 pg/ml  RAW BC 1.5 pg/ml RAW BC 150 ug/ml RAW BC 150 pg/ml

Experimental conditions of the experimental groups subjected to RF radiation. + RAD24 h + noRAD24 h + RAD24 h + noRAD 24 h
Mean SAR (W/kg) 50:0 64:0 1:0 9:0
> 38:+ 31+ 24:+ 42:+
f (MHz) Prr (W) Emn (V/m) Pp (W/m?) Culture flasks 1004+ 5t ot 194+
2450 12 102.8 28.0 0.4060 2i+++ 0:4++ 43:+++ 30:+++

f: frequency; Prg: transmitted power, E,,: measured r.m.s. electrical field strength, Pp: in-
cident power density; mean SAR: FDTD-calculated specific absorption rate using Ey,.

Means 0 = No phagocytosis; + = 0-5 phagocytosed particles; ++ = 5-10 phagocytosed
particles; +++ = more than 10 phagocytosed particles.
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Table 3B
Semi-quantitative determination of individual radiated cells at 72 h.

RAW BC 1.5 pg/ml  RAW BC 1.5 pg/ml  RAW BC RAW BC 150 pg/ml

+ RAD 72 h + noRAD72 h 150 pg/ml + RAD + noRAD 72 h
72 h

11: 0 19:0 8:0 10:0

49:+ 46:+ 19:+ 50:+

30:++ 30:++ 32:++ 21:++

10:4++ 5:4++ AL+ 19:4++

Means 0 = No phagocytosis; + = 0-5 phagocytosed particles; ++ = 5-10 phagocytosed
particles; +++ = more than 10 phagocytosed particles.

2.8. Assay of nitrite production (NO assay)

After 24 or 72 h of radiation exposure (groups G2, G3, G4 and
G7), all RAW cells (Groups G1-G8) were centrifuged 450 xg for
5 min. The L-15 culture medium was removed and the pellets
were re-suspended in DMEM with 10% FBS. Then, 100 pl aliquots
(1 x 108 cells/ml) were stimulated with LPS and incubated in mi-
croplates (Thermo Fisher Scientific, Waltham, MA, USA) for 24 or
72 h at 37 °C with 5% CO, to perform the NO assay. LPS was pre-
pared as 1 mg/ml stock solution in PBS and stored in the dark at
—20 °C until use. The resulting stock was diluted in DMEM me-
dium and adjusted to the final concentration of 100 ng/ml
(10 ng/well) just before use. NO production was estimated on
the basis of nitrite production in macrophage culture supernatants,
measured by the Griess reaction. One-hundred microliter were re-
moved from each well and incubated with an equal volume of
Griess reagent: 1% sulfanilamide (Merck, Kenilworth, NJ, USA)
and 0.1% naphthylethylenediamine hydrochloride (Merck,) in
2.5% phosphoric acid (Sigma, St. Louis, MO, USA). The reaction re-
quired incubation for 10 min at room temperature (Leiro et al.,
2004). NO production was estimated after incubation (24 or
72 h) and the results were measured at 530 nm in an ELISA reader
(ELx808, Biotek, Winooski, VT, USA). Nitrite concentration was cal-
culated against a standard curve obtained from NaNO, (1-200 uM)
in culture medium. The results were compared with their respec-
tive controls.

2.9. Detecting gene expression

2.9.1. mRNA extraction

After each treatment, the RAW cells were centrifuged at 450 xg for
5 min. The L-15 culture medium was removed and the pellets re-
suspended in 1 ml of TriPure reagent (Sigma-Aldrich, St. Louis, MO,
USA). Then, 0.2 ml of chloroform (Merck, Kenilworth, NJ, USA) was
added and the culture was incubated for 10 min before centrifuging at
12000 xg and 4 °C for 15 min. The phase containing the DNA, proteins
and cell debris was discarded and the supernatant fraction containing
the RNA was kept. To remove the TriPure reagent residues, the cultures
were rinsed with isopropyl alcohol (Merck) followed by 70% ethanol
(Merck), and centrifuged after each wash. The dehydrated pellet was
stored at —80 °C.

2.9.2. DNAse treatment
The pellet was hydrated in H,0 with diethylpyrocarbonate (Sigma-
Aldrich, St. Louis, MO) and incubated for 15 min at 60 °C. Subsequently,

Table 4
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the RNA was quantified using NanoDrop ND-1000 equipment (Thermo
Fisher Scientific, Waltham, MA, USA). For DNase treatment, a commercial
kit (Thermo Fisher Scientific, Waltham, MA, USA) consisting of DNase I
and a reaction buffer with 2.5 mM MgCl, was used. After incubation for
30 min at 37 °C, the reaction was stopped with 50 mM EDTA from the Kkit.

2.9.3. RT-qPCR

We combined 200 ng of the pure RNA sample with 1.25 pM
random hexamer primers (Roche, Basel, Switzerland) and 250 uM
deoxynucleoside triphosphate (dNTPs) then allowed it to incubate at
65 °C for 5 min. Reagents were then added from the GeneAmp® RNA
PCR kit (Thermo Fisher Scientific, Waltham, MA, USA), consisting of
200 U of MMLV (Moloney murine leukemia virus) reverse transcriptase
(Promega, Madison, WI) in a reaction buffer of 30 mM Tris and 20 mM
KCl (pH 8.3) and ribonuclease inhibitor. These were then introduced
into a thermocycler (T100™ Thermal Cycler, Bio-Rad, Watford, UK) that
was programmed as follows: 25 °C for 5 min, 37 °C for 50 min and
70 °C for 15 min. As a result, we obtained the cDNA of the total mRNA.

Once the cDNA had been synthesized, we performed a real-time
quantitative PCR (qPCR) analysis to study TNF-a, IL-13 and caspase-3
gene expressions. The P-actin (ACT) primer pair was used to
normalize the data, which were expressed in relative arbitrary units
(primers used are shown in Table 4). Each sample was introduced in trip-
licate onto a multi-well plate (MicroAmp® Fast Optical 96 well, Life Tech-
nologies Corporation, Carlsbad, CA, USA); the first forward and reverse
primers of the gene of interest were introduced into each well for each
case. The cDNA sample and the Master Mix with SYBR® green-based de-
tection (Precision®PLUS qPCR Master Mix, Camberley, UK) were also
placed on the multi-well plate. The StepOne Plus Real-Time PCR system
(Applied Biosystems, Waltham, MA, USA) was used for amplification.
Due to the low levels of viability (high toxicity) that occurred with high
doses of BC, we studied the expression levels of pro-inflammatory cyto-
kines (TNF-o and IL-1B) and caspase-3 with low doses of BC (1.5 pg/ml).

2.10. Quantification and statistical analysis

All the results shown in the text and in the figures were expressed as
means 4+ standard error (SE) for each group. Significant differences
(p < 0.05). Phagocytic activity was analyzed by a two-way ANOVA. The
two factors considered for macrophages subjected to 1.5 or 150 pg/
ml BC particles were radiation (radiated/non-radiated) X exposure time
(24 or 72 h). The Bonferroni t-test for multiple comparisons was subse-
quently applied. Viability, nitric oxide, IL-13, TNF-ct and caspase 3 were
analyzed by a one-way ANOVA. The Tukey test for multiple comparisons
was subsequently applied. Natural logarithm transformations were ap-
plied to the data as needed to obtain normality and homoscedasticity.

All statistical analyses were performed with Sigma Plot 14.0 (Systat
Software Inc., San Jose, CA, USA) and Grath Pad InStat. Culture data were
obtained from at least four separate experiments and the values were
normalized with respect to the control group values (100%).

3. Results

3.1. Cytotoxicity: cell viability analysis

To evaluate the combined cytotoxic effect of radiation and BC on
RAW cells, we initially used the MTT assay. However, this test did not

Primer sequences used for reverse transcription quantitative polymerase chain reaction (RT-qPCR).

Primer Accession number Forward sequence (5'-3') Reverse sequence (5'-3)
TNF-ot NM_001278601.1 AGCCCCCAGTCTGTATCCTT CTCCCTTTGCAGAACTCAGG
Mouse Caspase 3 AC_125078.2 GGGCCTGTTGAAACTGAAAAA CCGTCCTTTGAATTTCTCCA
IL-13 XM_006498795.4 AAGGAGACCAAGCAACGACAAAA TGGGGACTCTGCAGACTCAAACT
B-act XM_03025405.7 AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA
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provide reliable viability results because the carbon particles interfered
in a very significant way with the spectrophotometric identification of
formazan. Carbon particle absorbance overlapped with the absorbance
of the formazan produced by viable cells (see Supplementary material).
Therefore, cell viability was analyzed using the Trypan Blue test.

The results indicated important alterations in the viability and cell
proliferation of RAW cells from the combined effect of radiation and
BC. The statistical analysis of cell viability by groups provided the fol-
lowing information:

- RAW cells did not show significant differences in cell viability when
subjected to the simultaneous effect of BC 1.5 pg/ml and 24 h radia-
tion, RAW BC 1.5 pug/ml + RAD (95.7 4 2.04%) compared to the non-
irradiated cell group (RAW-control), irradiated RAW-RAD (92.47 +
3.2%) or incubated with BC RAW 1.5 pg/ml 4+ non-RAD (98.18 +
1.5%). See Fig. 1A.

After 24 h radiation, the RAW cells subjected to the combined ac-
tion of BC 150 pg/ml and radiation (BC150 pg/ml + RAD), with a
viability of 37 + 2% presented, significant differences with
respect to the RAW-control, RAW-BC150 pug/ml + non-RAD,
RAW-RAD (p < 0.001 in all cases). RAW-BC 150 pug/ml + non-
RAD presented a cell viability of 67 4 3.7%, with significant differ-
ences compared to control-RAW, RAW-RAD and/or the combined
action RAW-BC 150 pg/ml + RAD (p < 0.001 in all cases). The
RAW-RAD group did not show significant differences in viability
compared to the RAW-control (p > 0.05). See Fig. 1C.
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- When the radiation time increased to 72 h, RAW viability reduced
drastically, decreasing in all groups, to 78.04 + 0.6% in the RAW-
BC 1.5 pg/ml + RAD, to 77.5 &+ 2.5% in the RAW-RAD and 87 +
0.6% in RAW-BC 1.5 ng/ml + no RAD with respect to RAW-
control (p < 0.001, in all cases) See Fig. 1B.

- The combined effect RAW-BC 150 pg/ml + RAD caused intense
toxicity, decreasing viability by up to 31 4+ 1.06% with respect to
the RAW-controls (p < 0.001). There was also a significant de-
crease in viability in RAW-BC 150 mg/ml + non-RAD to 52.5 +
3.0% and in the RAW-RAD group to 77.5 + 2.5% with respect to
control-RAW (p < 0.001 in both cases). See Fig. 1D.

3.2. Combined effect of radiofrequency and black carbon on innate immune
response

3.2.1. Phagocytic activity

The difference in the mean values for phagocytosis for the two levels
of irradiation was statistically significant (p = 0.039) and greater than
would be expected by chance after allowing for the effects of differences
in radiation exposure time. A multiple comparison procedure was used
to isolate the group(s) with significant differences.

The difference in the mean values for radiation exposure times was
statistically significant (p < 0.001) and greater than would be expected
by chance after allowing for effects of irradiation differences. A multiple
comparison procedure was used to isolate the group(s) with significant
differences. The effect of irradiation did not depend on radiation
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Fig. 1. Histograms showing the percentage of cell viability using Trypan blue: (A) group treated with BC 1.5 ug/ml and irradiated during 24 h; (B) group treated with BC 1.5 pug/ml and
irradiated during 72 h; (C) group treated with BC 150 ug/ml and irradiated during 24 h; (D) group treated with BC 150 pg/ml and irradiated during 72 h. In G1 (RAW non-radiated
24 h), G2A (RAW BC 1.5 pg/ml + no RAD 24 h), G2B (RAW BC 150 pg/ml + no RAD 24 h), G3 (RAW RAD 24 h), G4A (RAW BC 1.5 pg/ml + RAD 24 h), G4B (RAW BC 150 pg/
ml + RAD 24 h), G5 (RAW non-radiated 72 h), GGA (RAW BC 1.5 pg/ml + no RAD 72 h), G6B (RAW BC 150 pg/ml + no RAD 72 h), G7 (RAW RAD 72 h), G8A (RAW BC 1.5 ug/
ml + RAD 72 h), G8B (RAW BC 150 pg/ml + RAD 72 h) groups. *** Indicates significant differences in relation to the non-radiated group (p < 0.001). Ninety-six samples were used,
six for each group/time. Mean values are shown (six samples for each group/time). Error bars indicate the standard error of mean (SEM) within each group (radiated with/without BC,
only BC or non-radiated). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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exposure time (24 vs 72 h). There was no statistically significant inter-
action between irradiation and radiation exposure time (p = 0.364).

Phagocytic activity was increased in RAW cells treated with BC
1.5 pg + RAD 72 h compared to those treated with 1.5 ug + RAD 24 h
(p < 0.001). However, there were also significant differences in non-
RAD RAW treated with BC 1.5 pg at either 72 h or 24 h (p < 0.001).
See Fig. 2A and Table 3A.

Phagocytosis increased with the effect of radiation in RAW-BC
1.5 ug + RAD (12.5 4 1.5%) cells exposed to RF for 24 h compared to
RAW-BC 1.5 g + non-RAD (7.7 £ 1.4%) (p = 0.04). However, no signif-
icant differences in phagocytosis appeared between the RAW-BC
1.5 ug + RAD (22 + 1%) and RAW-BC 1.5 pig + non-RAD (20 + 1.7%)
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groups when the radiation was increased to 72 h (p = 0.35). See
Fig. 2A, C (a,b) and Table 3A.

Differences in the mean values for phagocytosis at the different
levels of irradiation was statistically significant (p = 0.036) and greater
than would be expected by chance, after allowing for effects of differ-
ences in radiation exposure time. A multiple comparison procedure
was used to isolate significantly different groups.

The difference in the mean values for phagocytosis at the
different levels of radiation exposure time was not statistically
significant (p = 0.084) or great enough to exclude the possibility
that the difference was due to random sampling variability after allowing
for the effects of differences in irradiation. The effect of different levels of

Fig. 2. Histograms showing the evolution of the phagocytosis rate (%) in 24/72 h: (A) phagocytic activity with BC 1.5 pg/ml; (B) phagocytic activity with BC 150 pg/ml. In (A) G2A (RAW BC
1.5 ug/ml + no RAD 24 h), G4A (RAW BC 1.5 pg/ml + RAD 24 h), G6A (RAW BC 1.5 ug/ml + no RAD 72 h), G8A (RAW BC 1.5 pg/ml + RAD 72 h) in (B) G2B (RAW BC 150 pig/ml + no RAD
24 h; G4B (RAW BC 150 pg/ml + RAD 24); G6B (RAW BC 150 ng/ml + no RAD 72 h), G8B (RAW BC 150 pug/ml + RAD 72 h) groups. * Indicates significant differences in relation to the non-
radiated group (p < 0.001). Ninety-six samples were used, six for each group/time. Mean values are shown (six samples for each group/time). Error bars indicate the standard error of
mean (SEM) within each group (radiated with/without BC, only BC or non-radiated); (C) microphotographs showing phagocytosis of BC particles in the macrophages, RAW BC 1.5 pg/
ml + RAD 24 h (a) RAW BC 1.5 ug/ml + RAD 72 h (b) RAW BC 150 ug/ml + RAD 24 (c) RAW BC 150 ug/ml + RAD 72 h (d). Photographs taken at 100x magnification. Calibration bar 10 pm.
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irradiation was not dependent on radiation exposure time. There was no
statistically significant interaction between irradiation and radiation ex-
posure time (p = 0.084). Phagocytic activity decreased significantly in
RAW 150 pg/ml + RAD 24 h compared to RAW 150 pg/ml 4+ RAD 72 h
(p = 0.021). However, there were no statistically significant differences
between the RAW + no-RAD treated with CB 150 pg/ml for 24 h and
72 h (p = 0.7). See Fig. 2A, C (c,d) and Table 3B.

Phagocytosis increased from the effect of radiation when RAW-BC
150 pg/ml + RAD (24.7 + 0.25%) cells were exposed to RF for 24 h
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compared to RAW-BC 150 pg/ml + no-RAD (22.5 + 0.6%) (p =
0.011). However, no significant differences in phagocytosis appeared
between RAW-BC 150 pg/ml + RAD (22.7 + 0.5%) and RAW-BC
150 pg/ml + non-RAD (22.5 £+ 0-5%) when radiation time was in-
creased to 72 h (p = 0.745). See Fig. 2A, C (c,d) and Table 3B.

3.2.2. Results of nitrite production
Twenty-four hours after radiation, nitrite values increased in cells
that were irradiated 24 h and stimulated with LPS. However, nitrite
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Fig. 3. Histograms showing nitric oxide concentration: (2A) nitric oxide concentrations at 24 h after RAW treatment with BC 1.5 pg/ml and irradiated during 24 h; (2B) nitric oxide
concentrations at 24 h after RAW treatment with BC 1.5 pg/ml and irradiated during 72 h; (2C) nitric oxide concentrations at 72 h after RAW treatment with BC 1.5 pg/ml and
irradiated during 72 h. (2D) Nitric oxide concentrations at 24 h after RAW treatment with BC 150 pg/ml and irradiated during 24 h; (2E) nitric oxide concentrations at 24 h after RAW
treatment with BC 150 pg/ml and irradiated during 72 h in G1 (RAW non-radiated 24 h), G2A (RAW BC 1.5 pg/ml + no RAD 24 h), G2B (RAW BC 150 pg/ml + no RAD 24 h), G3
(RAW RAD 24 h), G4A (RAW BC 1.5 ug/ml + RAD 24 h), G4B (RAW BC 150 pg/ml + RAD 24 h), G5 (RAW non-radiated 72 h), GGA (RAW BC 1.5 pg/ml + no RAD 72 h), G6B (RAW BC
150 pg/ml + no RAD 72 h), G7 (RAW RAD 72 h), G8A (RAW BC 1.5 pg/ml + RAD 72 h), G8B (RAW BC 150 pg/ml + RAD 72 h) groups. Values were transformed based on percentage
of viability for each group. Mean values are shown (six samples for each group/time). Error bars indicate the standard error of mean (SEM) within each group (radiated with/without
BC, only BC or non-radiated). Significant differences in relation to the non-treated group are also shown:* (p < 0.05); ** (p < 0.01); *** (p < 0.001).
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levels reached appreciable but lower values at 24 h when the RAW cells
were irradiated 72 h and stimulated with LPS; the cells and increased ni-
trite values only recovered 72 h later when low doses of CB were used.
Results from the one-way ANOVA and multiple comparisons with the
Tukey test are as follows:

The highest nitrite levels were reached 24 h after stimulating RAW
cells with LPS following exposure to radiation for 24 h.

When cell viability levels were higher (subgroups with BC 1.5 pg/ml)
in the groups radiated for 24 h and subsequently stimulated with LPS for
24 h, the nitrite values were significantly higher (6.2 4+ 0.6%) in the
BC 1.5 pg/ml + RAD group compared to the rest of the groups
(p < 0.001). Nitrite levels were halved in the RAW-RAD group (3 +
0.13%) but were significantly higher (p < 0.001) than the RAW control
(0.10 £ 0.5%) and BC 1.5 pg/ml + non-RAD (1.66 + 0.20). Seventy-
two hours after stimulation with LPS following 24 h radiation, there
was a considerable decrease in the levels of nitric oxide, which was
only detectable in the RAW-RAD and BC 1.5 pg/ml + no RAD groups
(0.92 4+ 0.30% and 0.34 4 0.10% respectively) and not significantly dif-
ferent from the control - RAW or BC 1.5 pg/ml + RAD (p > 0.05). See
Fig. 3A.

There was, however, a recovery in nitrite production when this
subset of cells (with BC 1.5 ug/ml) were irradiated for 72 h and
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stimulated with LPS for an additional 72 h. The RAW-RAD and
RAW-BC 1.5 pg/ml + no-RAD (9.54 4+ 0.90% and 9.35 + 0.90%)
groups reached very similar levels and were significantly different
from the RAW control group (p < 0.001). Finally, the RAW-BC
1.5 pg/ml + RAD group presented significant differences with re-
spect to the RAW-RAD and RAW-BC groups (p < 0.001 in both
cases) but did not reach nitrite values that were significantly dif-
ferent to the RAW-control (p > 0.05). See Fig. 3B, C.

When cellular toxicity levels were high (subgroups with BC 150 pg/
ml), nitrite values were significantly higher (3.75 4+ 0.07%) in the RAW-
RAD group compared to the RAW-control, the BC 4+ non-RAD and the
BC150 pg/ml + RAD groups (p < 0.001). In the BC 150 pg/ml + RAD
group, 24-hour stimulation with LPS following 24-hour radiation signif-
icantly increased nitrite values, which reached 2.06 + 0.0% picomoles in
relation to the control-RAW and RAW-RAD groups (p < 0.001). Finally,
in the BC 150 pg/ml + non-RAD group, 24-hour LPS stimulation did not
induce appreciable levels of nitrites, nor were nitrites detectable after
72 h of LPS stimulation following 24 h radiation. See Fig. 3D.

RAW cells irradiated for 72 h and stimulated with LPS produced no
detectable nitrite levels at 24 h. However, when cells were stimulated
for 72 h, nitrite levels were detectable but lower than with 24 h radia-
tion in all groups except the control - RAW. Similarly, nitrite was
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Fig. 4. Histograms of mRNA expression of TNF-o¢ (A and B) and IL-133 (C and D) protein. (4A; 4C) RAW treated 24 h. (4B; 4D) RAW treated 72 hin G1 (RAW non-radiated 24 h), G2A (RAW
BC 1.5 ug/ml + no RAD 24 h), G3 (RAW RAD 24 h), G4A (RAW BC 1.5 ug/ml 4 RAD 24 h), G5 (RAW non-radiated 72 h), GGA (RAW BC 1.5 ig/ml + no RAD 72 h), G7 (RAW RAD 72 h), G8A
(RAW BC 1.5 ug/ml + RAD 72 h) groups. Mean values are shown (six samples for each group/time). Error bars indicate the standard error of mean (SEM) within each group (radiated with/
without BC, only BC or non-radiated). Significant differences in relation to the non-treated group are also shown:* (p < 0.05); ** (p < 0.01); *** (p < 0.001).
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detectable at 24 h in the RAW cell groups that had been stimulated with
LPS and subjected to 72 h radiation. Again, RAW-RAD had highest nitrite
levels (1 4 0.23%) but did not present significant differences in relation
to control-RAW (p > 0.05). See Fig. 3E.

3.2.3. Proinflammatory factors

3.2.3.1. TNF,. Twenty-four hours after radiation exposure, inflammatory
activity was measured through tumor necrosis factor alpha. Levels in
the RAW-RAD group (1.34 £ 0.14%), in the RAW-BC + RAD group
(1.09 + 0.10%) and in the RAW-BC 1.5 pg/ml + non-RAD group
(1.07 £ 0.10%) were significantly higher than in the control-RAW
group (0.5 + 0.03%) (p < 0.001, p < 0.01 and p < 0.01, respectively).
However, 72 h after radiation, no significant differences were found
with respect to the control (p > 0.05) in any of the groups studied.
See Fig. 4A and B.

3.2.3.2. IL-1B. Twenty-four hours after radiation exposure, inflammatory
activity measured through interleukin-1p levels again reached signifi-
cantly higher values in the RAW-RAD (1.38 + 0.13%) and RAW-BC
1.5 pg/ml + RAD (1.15 + 0.12%) groups compared to RAW-control
(0.6 4 0.08%) (p < 0.01, p < 0.05) respectively. The RAW BC 1.5 g/
ml + no-RAD group (1.08 + 0.01%) did not show significant differences
with respect to the control (p > 0.05).

Seventy-two hours after radiation, however, only the RAW BC group
1.5 yg/ml + RAD 72 h had significantly high levels (1.47 4 0.12%) com-
pared to the RAW-control group (0.8 £ 0.10%) (p < 0.01). See Fig. 4C
and D.

3.3. Combined effect of radiofrequency and black carbon on apoptosis

Twenty-four hours after radiation, the combined action of RF and BC
particles significantly increased the caspase-3 values in the RAW-BC
1.5 pg/ml + RAD (1.51 4 0.1%) and RAW-RAD (1.36 + 0.1%) groups
with respect to the RAW-control (0.81 £+ 0.8%) (p < 0.01, p < 0.05).
However, in the RAW-BC + non-RAD group (1.09 4 0.1%), caspase-3
values were not significantly compared to the RAW-control (p > 0.05).

Seventy-two hours after radiation, there were still significant differ-
ences in caspase-3 levels between the RAW-BC 1.5 + RAD group
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(1.24 4+ 0.97%) and the RAW-control group (0.84 + 0.07%) (p < 0.05).
See Fig. 5.

4. Discussion

In this study, we demonstrated that exposure of the RAW cell line to
RF at 2.45 GHz increased the toxicity associated with BC by activating
the pro-apoptotic response of caspase-3 and the pro-inflammatory re-
sponses of TNF-a and interleukin-1f in the macrophages. The com-
bined effect of non-ionizing radiation in the RAW cells exposed to fine
and coarse black carbon BC prolonged phagocytic activity and the pro-
duction of NO in macrophages previously induced through stimulation
with LPS bacterial endotoxin.

Until now, in vitro experimental evidence of the mutual or synergic
interaction between different kinds of phenomena, one electromagnetic
(2.45 GHz RF) and the other chemical (BC environmental particulate
matter) had not been found. In the only known relevant study on a
human cell line of monocytes, the authors concluded that exposure to
RF alone or in combination with ultra-fine particles (UFP) did not inter-
fere with stress-related responses (Simko et al., 2006).

Most of the studies cited in the bibliography concern research on the
repercussions on human and/or animal health from environmental par-
ticulate matter (Niranjan and Thakur, 2017) or RF (Pall, 2018) sepa-
rately. In prior studies, we found that the interaction of RF at 2.45 GHz
alone or combined with 900 MHz in the RAW cells provoked dysfunc-
tion in the inflammatory response and diminished immune system
functioning (Lépez-Furelos et al., 2018). In this experimental work,
which incorporated a chemical environmental agent, we found that
non-ionizing radiation associated with environmental particles can af-
fect the mechanisms that alter cellular functioning and immune re-
sponse (Lawal, 2018).

Results from diverse in vitro experimental models indicate that
RF can have bio-effects and affect cell viability, depending on the
cell type (Wojcik-Piotrowicz et al., 2014) and the electromagnetic
parameters applied, such as frequency (Saliev et al., 2019) and
exposure time (Garcia-Minguillan Lépez et al., 2019). In the pres-
ent work, toxicity increased clearly when the two environmental
pollutants (BC + RF) acted jointly, compared to the sole action of
RF. In the RAW-BC macrophages, toxicity increased significantly
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Fig. 5. Histograms of mRNA expression of caspase-3 protein (5A) RAW treated 24 h. (5B) RAW treated 72 h in G1 (RAW non-radiated 24 h), G2A (RAW BC 1.5 pg/ml + no RAD 24 h), G3
(RAW RAD 24 h), G4A (RAW BC 1.5 pg/ml + RAD 24 h), G5 (RAW non-radiated 72 h), G6A (RAW BC 1.5 ug/ml + no RAD 72 h), G7 (RAW RAD 72 h), G8A (RAW BC 1.5 pig/ml + RAD 72 h)
groups. Mean values are shown (six samples for each group/time). Error bars indicate the standard error of mean (SEM) within each group (radiated with/without BC, only BC or non-
radiated). Significant differences in relation to the non-treated group are also shown:* (p < 0.05); ** (p < 0.01).
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compared to RAW-RAD (Fig. 1C, D). Black carbon PM is known to
cause toxicity (Wang et al., 2014) and premature human mortality
(Goto, 2014) in urban areas (Thomson et al., 2015). However, our
findings indicate that the toxicity caused by BC in the RAW-
BC + no RAD group was significantly lower than that of the
RAW-BC + RAD group after 24 or 72 h exposure (Fig. 1C). These
data inform that each toxic agent (RF or BC) had damaging effects
as an individual stressor and combining them generated substan-
tially different results (Kostoff et al., 2018). The fact that very
low doses of BC (1.5 pg/ml), when combined with RF, significantly
decreased macrophage viability suggests that simultaneous action
increased toxicity (Kostoff et al., 2018; Kostoff and Lau, 2017,
2013; Juutilainen, 2008) (Fig. 1B). Thus, there is a decrease in the
levels of each toxic agent associated with damage, when compared
to the levels of each of the constituents separately. Accordingly, we
propose the existence of an RF-dependent mechanism that modu-
lates cellular viability and the efficacy of cell death (Wéjcik-
Piotrowicz et al., 2017).

The RAW 264.7 macrophage cell line can be activated by external bi-
ological stimuli such as the Gram negative (—) bacterial endotoxin LPS
(Stuehr and Marletta, 1987, 1985), by physical stimuli such as one or
two RF signals (Lopez-Furelos et al., 2018) or by chemical stimuli such
as BC environmental particulate matter (Gawda et al., 2018; Schins
et al., 2004), provoking an inflammatory response involving the libera-
tion of NO in the immune cells. Our findings coincide with those of other
authors, who reported that the NO inflammatory response tripled when
the effect of electromagnetic fields was combined with non-toxic doses
of LPS (Pilla, 2012) and reached maximum nitrite levels from stimula-
tion after 24 h, when the macrophages were simultaneously exposed
to BC and LPS (Gawda et al., 2018). The most novel findings of this
study indicate that NO levels under cellular stimulation from LPS for
24 h (after 24 h of radiation) doubled significantly in the RAW-BC
1.5 pg/ml + RAD group with respect to the values of the radiated mac-
rophages (RAW-RAD) and/or tripled significantly with respect to the ni-
trite values for the macrophages exposed to BC or the RAW-control
groups (Fig. 3A). Radiation must have acted to increase the induction
of NO even when the viability levels of the macrophages were low
(Fig. 1D), causing exhaustion of the cellular machinery 48 h after expo-
sure to RF, despite the combined toxicity. Some authors have suggested
that electromagnetic fields could act initially as first messengers, modu-
lating the NO signaling pathways dependent on Ca-Calmodulin (Pall,
2018). To this we add evidence that RF acting in combination with BC
particles prolongs by 24 h the macrophage cellular inflammatory func-
tions associated with NO (Fig. 3A, D).

One of the crucial functions of macrophages is phagocytic activity,
which in this study was substantially modified by the effect of both en-
vironmental agents, especially radiation (Fig. 2A, B). Some authors sug-
gest an important increase in the cellular response from the effects of
radiation that is similar to chemical stimuli (Frahm et al., 2006; Simko
etal,, 2001). Others suggest the opposite: a decrease in phagocytic activ-
ity due to the interaction of one or two RF (Lépez-Furelos et al., 2018) or
the action of magnetic fields (Tenuzzo et al.,, 2006). Different exposure
conditions and pre-stimulation of the cells might explain such contra-
dictory data (Dini, 2010). Electromagnetic fields can alter proteins in
the plasmatic membrane, the cytoskeleton, distorting the ionic channels
(especially [Ca®*]) and interfering with physiological processes such as
phagocytosis (Dini and Abbro, 2005; Rosen, 2003).

It is a known fact that environmental particulate matter generated
by incomplete combustion of diesel, which is mainly composed of car-
bon (Vedal et al., 2013), provoke the activation and dysfunction of mac-
rophages (Lawal, 2018). During phagocytosis of the BC particles,
determining the number of particles internalized by the macrophage
cells is useful for evaluating the levels of toxicity produced after expo-
sure (Clift et al,, 2008). Accurate measurement of internalized particles
requires distinguishing completely engulfed particles from those that
have adhered to the membrane (Leclerc et al.,, 2010). This experimental
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work included phagocytes in different phases of phagocytosis: from the
initial phase of particles adhering to the macrophages to the final inter-
nalization of the particles inside the RAW 264.7 cells (Rosales and
Uribe-Querol, 2017). We estimated the rate of phagocytosis in macro-
phages in different phases of phagocytosis (Lopez-Furelos et al., 2018;
Kiama et al., 2001) (Fig. 2A, B, C and D). The study was done 24 or
72 h after exposure, which allowed us to interpret the immune response
and early phagocytosis in association with toxic agents (Lee et al., 2017).
Related to this process, some authors indicate that the nitrite ions gen-
erated by the activated macrophages play an important role in
phagosome implementation (Zagryazhskaya et al., 2010). There is a se-
ries of data that could indicate a slowing or prolonging of macrophage
phagocytic functions, since phagocytosis levels were elevated 24 h
after radiation, in contrast with maximum nitrite levels obtained 48 h
later (24 h after finishing radiation). However, it should be kept in
mind that in vitro environmental studies with environmental particu-
late matter often report that the largest particles are the most particles
are also the most toxic and inflammatory (Guastadisegni et al., 2010;
Schwarze et al., 2007). Other data that contributes experimental evi-
dence to our hypothesis indicate that the coarse particles found within
the experimental range of this in vitro study might exercise their pro-
inflammatory effect by modulating intra-cellular signaling of calcium
in the macrophages. This leads to increased expression of pro-
inflammatory cytokines, which also alter phagocytic capacity (Brown
et al., 2004). RF could retard some active biological processes of the
macrophage, interfering with the cellular signaling that initiates impor-
tant functions of this immune cell (Dini, 2010). The immediate immune
capacities of the RAW cells are modulated by RF, as we saw in the ge-
netic expression after 24 h of pro-inflammatory factors TNFo and IL-
1p from interaction with particulate matter (Cho et al., 2018) (4A, 4C).
The inflammatory capacity of cytokines affected by environmental pol-
lution involving coarse/fine particles is established by a range of factors:
concentration mass (Grahame and Schlesinger, 2007; Nel, 2005),
physical-chemical characteristics (Brown et al., 2001), capacity to pro-
voke oxidative stress (Ayres et al., 2008), and the capacity of the bacte-
rial endotoxin LPS to provoke innate immune responses (Schins et al.,
2004; Osornio-Vargas et al., 2003). Despite notions of a kind of feedback
that regulates between the inflammatory effect of the cytokines and NO
(Nemoto et al., 1999) or vice-versa (Wu et al., 2003), this effect cannot
be attributed to the intervention of LPS (West et al., 1994) since in this
in vitro model it was only used to stimulate NO and not for the cyto-
kines. It rather clearly points to independent effects or mechanisms,
though both pathways are mutually modulated. The highest levels of
TNF-a and interleukin-13 were produced exclusively by RF (RAW-
RAD) interaction with the plasmatic membrane (Eichwald and Kaiser,
1995), probably due to a voltage-dependent increase in the extra-
cellular calcium channels (Cho et al., 1999), intra-cellular calcium de-
posits (Ross et al., 2016), or transfer of the charge to the DNA (Blank
and Goodman, 2008). The stimulus of environmental particles in the
RAW-BC + no-RAD group induced significantly inferior levels of inter-
leukins that were dependent on intra-cellular calcium (Brown et al.,
2002) or not dependent on calcium (Sakamoto et al., 2007). The combi-
nation of both stress factors at 24 h did not provoke an additive or syn-
ergic response of interleukin-13, which is continuously induced
depending on the power of the stimulus and the extra-cellular require-
ment (Loépez-Castején and Brough, 2011), and which reached its
highest concentration after 72 h from the interaction of both stimuli.
In certain stress situations, caspase-3 and the tumor necrosis factor
alpha, together with interleukin-13 can induce apoptotic cellular
death (Chanana et al., 2007). Thus, the MAP kinase (MAPK) ERK1/K2
signal transduction pathway can function in a pro-apoptotic way (Lu
and Xu, 2006) by neutralizing the TNFa that regulates apoptosis
(Wallach et al., 1999), induced by the stimulus of particulate matter
(Chin et al., 1998) or radiation (Park et al., 1999; Kitagawa et al.,
2002). In this in vitro model the TNF-at were no longer significant at
72 h, indicating the absence of the anti-apoptotic effect from the
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Fig. 6. Illustrations explaining the hypothesis of the mechanism by which RF at 2.45 GHz and the Black Carbon (BC) in the activated macrophage would act in combination. (1) RF and BC
stimulate the ion channels [Ca2 +] and facilitate the entry of the ion at the intracytoplasmic level (2), causing alteration of the cytoskeleton and prolongation of phagocytic activity
(3) along with increased inflammatory activity and release of NO, TNF-a and interleukin 13, (4) which activates the apoptosis cascade by increasing caspase-3.

inhibition of ERK1/K2 or prolonged stimulation (Lu et al., 2002). For its
part, interleukin-1( activates numerous transduction signals through
kinase proteins that are activated by stress, such as p38 mitogen-
activated protein kinase (MAPK) (Bankers-Fulbright et al., 1996) and in-
tervene during exposure to both ELF and RF (Leszczynski et al., 2004,
2002). The anti-apoptotic effect of ERK1/K2 can also be indirectly regu-
lated by the p38 signal (Li et al., 2003; Liu and Hofmann, 2004). Activa-
tion of ERK1/K2 in response to harmful stimuli in the DNA clearly
promotes cellular apoptosis by improving the activity of some pro-
apoptotic signaling molecules (Lu and Xu, 2006). The synergic effect of
RF and BC could provoke activation of ERK1/K2 and pro-apoptotic
subfamily BAX/BAK in macrophages, unleashing the activation of
interleukin-1f and caspase-3 (Vince et al.,, 2018). This fact would indi-
cate that alterations in macrophage cellular function could be modified
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by apoptosis-related gene expression, which regulates the transduction
of multiple signaling pathways (Tenuzzo et al., 2009) (Fig. 6).

5. Conclusions

Toxicity in the RAW macrophage cell line increased dramatically,
along with pre-apoptotic activation of caspase-3 when non-ionizing ra-
diation interacted with BC particles. Prolonged phagocytosis and ampli-
fication of the macrophage inflammatory response could play an
important part in the interaction of RF in the macrophage membrane
and cytoplasm, exercising a voltage-dependent modulation (Pall,
2018; Pilla, 2012; Cho et al., 1999; Ross et al., 2016) on cellular machin-
ery that has been altered by the effect of BC particulate matter (Brown
et al., 2002; Sakamoto et al., 2007). In the macrophage cells activated


Image of Fig. 6
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by both stimuli, intracellular signaling pathways acted to unleash anti-
apoptotic or pre-apoptotic mechanisms that eventually provoked ex-
haustion and premature death of these immune cells. More in-depth
study is needed to better understand the repercussions of both environ-
mental agents in the immune response and their potential influence on
the induction and/or aggravation of human autoimmune and inflamma-
tory illnesses.
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