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Abstract
Phosphorylation of H2AX histone (γH2AX) represents an early event in the DNA damage response against double-strand 
breaks (DSB); hence, its measurement provides a surrogate biomarker of DSB. Recently, we reported initial steps in the 
standardization of γH2AX assay in peripheral blood leukocytes (PBL), addressing the possibility of using cryopreserved 
samples, and the need of phytohaemagglutinin (PHA) stimulation prior analysis (Toxicol Sci 2015, 144:406-13). Validating 
the use of whole blood samples as cell specimen for this assay would be particularly useful for human population studies. 
Hence, in the current study we determined for the first time the feasibility of whole blood samples, both fresh and frozen, 
to be used in the γH2AX assay, evaluated by flow cytometry, and the convenience of PHA stimulation. Freshly collected 
and cryopreserved whole blood samples were treated with bleomycin (BLM), actinomycin-D (Act-D) and mitomycin C 
(MMC); half of the samples were previously incubated with PHA. Results were compared with those from PBL. Negative 
responses in MMC treatments were probably due to the quiescence of unstimulated cells, or to the short treatment time 
in PHA stimulated cells. Fresh whole blood samples exhibited a more intense response to BLM and Act-D treatments in 
stimulated cells, probably due to DSB indirectly produced from other less relevant types of DNA damage. Results obtained 
in frozen whole blood samples indicate that PHA stimulation is not advisable. In conclusion, this study demonstrates that 
whole blood samples can be used to assess DSB-related genotoxicity by the flow cytometry γH2AX assay.

Keywords  γH2AX assay · DNA damage response · Genomic instability · Genotoxicity · Population studies · Whole blood 
samples

Introduction

H2AX is a histone variant ubiquitously distributed and 
expressed throughout the genome. In mammals, 75–98% of 
H2A is represented by H2A1 and H2A2, whereas 2–25% 
of all nucleosomes contain H2AX, depending on cell type 
(Mischo et al. 2005). H2AX takes part in the DNA dam-
age response machinery of mammalian cells and facili-
tates the repair of clastogenic DNA double-strand breaks 
(DSB) (Bonner et al. 2008). When a DSB is produced in the 
DNA, the carboxyl-tail of H2AX is rapidly phosphorylated 
at Serine 139, to become γH2AX (Rogakou et al. 1998). 
The phosphorylation of H2AX occurs over a large region of 
chromatin surrounding the DSB, over a megabase, and can 
be visualized by the formation of a nuclear foci (Rogakou 
and Sekeri-Pataryas 1999). This process plays a key role in 
the recruitment to the site of damage of DNA repair pro-
teins and signalling factors that are required downstream in 
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the DNA damage response, in some cases through physical 
interactions with the proteins (Paull et al. 2000; Stucki et al. 
2005). Therefore, phosphorylation of H2AX represents an 
early event in the DNA damage response (DDR) against 
DSB, and its measurement provides a surrogate biomarker 
of DSB with the potential to identify genotoxic exposures. 
Indeed, comparisons of γH2AX assay with several DNA 
damage biomarkers—including Ames test, mouse lym-
phoma assay, chromosome aberration assay, micronucleus 
test, and comet assay—showed that analysis of γH2AX by 
flow cytometry is able to detect both pro-genotoxic chemi-
cals (those that require metabolic activation) and genotoxic 
agents (Zhou et al. 2006; Watters et al. 2009; Smart et al. 
2011). Although no formal guidelines have been approved 
for the γH2AX assay for regular genotoxicity studies, this 
biomarker has been suggested as a new standard genotoxic-
ity assay (Khoury et al. 2020).

Since the role of γH2AX was first elucidated around two 
decades ago, an immunocytochemical assay with antibodies 
recognizing γH2AX emerged as the gold standard for in situ 
detection of DNA damage, specifically DSB. More recently, 
a flow cytometry assay was developed for the assessment of 
γH2AX (Tanaka et al. 2009; Watters et al. 2009). The use of 
flow cytometry for the evaluation of H2AX phosphorylation 
allows the assay to be readily standardised. Flow cytometry 
provides an automated platform that is reproducible, prac-
tical, investigator independent, and may take into account 
variations due to cell-cycle effects. Thus, H2AX phospho-
rylation can be measured in situ, in chromatin of individual 
cells, with high sensitivity and accuracy, and the expres-
sion of γH2AX can be directly correlated, within the same 
cells, with their DNA content, induction of apoptosis, or 
any other cell attribute of interest. Besides, statistical power 
and, consequently, results robustness, are highly increased 
since a much larger number of data can be collected (usually 
10,000 events in flow cytometry as opposed to 50 nuclei in 
the microscope scoring). Besides, γH2AX loci counting and 
flow cytometry analysis showed a high correlation, suggest-
ing that γH2AX scoring by flow cytometry has the potential 
for high-throughput analysis (Watters et al. 2009; Nikolova 
et al. 2014).

Recently, we reported initial steps in the standardiza-
tion of γH2AX assay protocol in peripheral blood leuko-
cytes (PBL), to be employed as a rapid screening tool for 
genotoxicity or genomic instability in human population 
studies. Some of the most critical issues limiting the use of 
this approach were addressed, including the possibility of 
using cryopreserved samples, and the need of phytohaemag-
glutinin (PHA) stimulation prior analysis, to force cells to 
leave quiescence and enter the cell cycle (Sánchez-Flores 
et al. 2015). Using fresh or cryopreserved PBL samples for 
γH2AX analysis in human biomonitoring studies depends 
on the feasibility of processing samples immediately after 

their collection. Besides, the choice on PBL stimulation with 
PHA was recommended to be made during the study design, 
according to the mechanism of production of DSB expected 
in the particular study population. However, the process of 
isolating PBL from whole blood samples takes some time 
and can be limiting in huge population studies when large 
numbers of samples are collected the same day and must be 
processed in a short time. Moreover, PBL isolation requires 
a quite large volume of blood, also restricting the number 
of biomarkers that can be determined in the blood sample 
collected. Therefore, validating the use of whole blood sam-
ples as cell specimen for the γH2AX assay, not previously 
addressed, would be particularly useful for human biomoni-
toring studies.

On this basis, the main objective of this study was to 
determine for the first time the feasibility of whole blood 
samples, both fresh and frozen, to be used as cell bioma-
trices in the yH2AX assay, as evaluated by flow cytometry, 
also testing the convenience of PHA stimulation of the cells 
prior to the assay. To this aim, freshly collected and cryo-
preserved whole blood samples were treated with three well-
known genotoxic chemicals: bleomycin (BLM), actinomy-
cin-D (Act-D) and mitomycin C (MMC). Samples were used 
either directly after collection/thawing or after a 24 h period 
in cell culture medium in the presence of PHA to allow cell 
cycle stimulation (Fig. 1). Results were compared with those 
obtained from PBL, the biomatrix commonly used in the 
γH2AX assay in human biomonitoring studies.

Material and methods

Chemicals

BLM (CAS number 11056-06-7), Act-D (CAS number 
50-76-0), MMC (CAS number50-07-7), RNase A, and pro-
pidium iodide (PI) were purchased from Sigma-Aldrich Co. 
(Madrid, Spain). RPMI 1640, heat-inactivated foetal bovine 
serum (FBS), L-glutamine, penicillin/streptomycin, and 
PHA were obtained from Gibco (Thermo Fisher Scientific, 
Madrid, Spain). Stock solutions of BLM, MMC and Act-D 
were prepared in sterile distilled water (dH2O) prior their 
use.

Sample collection and processing

Peripheral blood samples were collected from three healthy 
non-smoker female volunteers (27–44 years old) by veni-
puncture into Vacutainer tubes containing heparin as antico-
agulant, and into BD Vacutainer® CPT™ with sodium hepa-
rin (Becton Dickinson). The study followed ethical criteria 
established by the Helsinki declaration. Written consent was 
obtained from each donor prior to joining the study. Whole 
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blood samples from Vacutainer tubes were divided in two 
fractions: one fraction was used in fresh, and the other one 
was aliquoted and frozen 50:50 in a cryopreserving solu-
tion (DMSO/RPMI 1640, 20:80) at − 80 ºC for at least one 
month. PBL (lymphocytes and monocytes) were isolated 
from BD Vacutainer® CPT™ tubes according to the manu-
facturer’s instructions.

Treatments

Fresh PBL (2.5 × 105 cells in 200 µl RPMI 1640), fresh 
blood (100  µl + 100  µl RPMI 1640) and frozen blood 
(200 µl, quickly thawed at 37 ºC) were resuspended in 
800 µl of RPMI 1640 medium containing 15% FBS, 1% 
l-glutamine (200 mM), and 1% penicillin (5000 U/ml)/
streptomycin (5000 μg/ml), in the presence or absence of 

1% PHA, depending on whether they would be stimulated 
or not. Stimulated samples (fresh and frozen whole blood) 
were incubated prior treatments for 24 h at 37 ºC in the 
presence of PHA.

Biological samples were treated with three different 
concentrations of each genotoxic agent (1% of the final 
volume in medium with or without PHA, depending on 
each particular case) for 4 h at 37 ºC: BLM (1, 5, 20 µg/
ml), Act-D (0.5, 1, 2 µg/ml), and MMC (0.2, 1, 5 µg/ml); 
dH2O was employed as a negative control. Chemicals, 
treatment doses and exposure times used were selected 
on the basis of previous studies (Valdiglesias et al. 2011; 
Sánchez-Flores et  al. 2015). Cytotoxicity was below 
20% in all cases, as confirmed by Trypan blue exclusion 
technique.

Fig. 1   Scheme of the experimental design of the study. PHA phytohaemagglutinin, PBL peripheral blood leucocytes, BLM bleomycin, Act-D 
actinomycin D, MMC mitomycin C
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γH2AX analysis

The γH2AX analysis was performed following the protocol 
described by Tanaka et al. (2009) and Watters et al. (2009), 
with certain modifications (Sánchez-Flores et al. 2015). In 
brief, after the treatments, cell suspensions were centri-
fuged and the supernatant was removed. An additional step 
was added to lyse erythrocytes in the fresh blood samples 
by treating them with BD Pharm lyse™ (BD Bioscience) 
for 8 min in the dark. Cell pellets were fixed in 1% p-for-
maldehyde. Subsequently, cells were centrifuged and the 
remaining cell pellets were postfixed with cold 70% ethanol 
(− 20 ºC) and stored at 4ºC overnight. Then cell suspen-
sions were centrifuged, washed in phosphate-buffered solu-
tion (PBS), and incubated with 100 μl anti-human γH2AX-
Alexa Fluor 488-conjugated antibody (Becton Dickinson) 
(1:20 dilution in 1% bovine serum albumin [BSA] in PBS). 
After a new centrifugation step, cells were suspended in 
PBS containing 0.1 mg/ml RNase A and 40 μg/ml PI. The 
flow cytometry analysis was performed in a FACSCalibur 
flow cytometer (Becton Dickinson). The lymphocyte popu-
lation was gated according to complexity (side scattering) 
and size (forward scattering). At least 10,000 events in the 
lymphocyte region were acquired, obtaining data from FL1 
(γH2AX-Alexa Fluor 488) and FL2 (PI) detectors. The soft-
ware Cell Quest Pro (Becton Dickinson) was used to ana-
lyse the data; the percentage of gated cells positive for both 
γH2AX and PI with regard to the total lymphocytes gated 
was calculated.

Statistical analysis

Each experiment was performed in duplicate, and three 
independent experiments were performed for each experi-
mental condition tested. Experimental data were expressed 
as mean ± standard error. Differences among groups were 
tested with the Kruskal–Wallis test, and two by two were 
evaluated by Mann–Whitney U-test. Associations between 
two variables were analysed by Spearman’s correlation. 
Statistical significance was considered at P < 0.05. Statisti-
cal analyses were performed using the IBM SPSS software 
package V. 21.

Results

In this study, the suitability of whole blood samples to be 
used in the γH2AX assay, as evaluated by flow cytometry 
was evaluated. As a reference, results were compared to 
those obtained from isolated PBL, a well-established bio-
matrix for this assay (Sánchez-Flores et al. 2015).

Figure 2 shows data obtained in the samples treated with 
BLM. Progressive and significant increases in %γH2AX 

with regard to the control were observed in PBL exposed 
to this chemical, and the dose–response relationship was 
also significant (r = 0.897, p < 0.01). In unstimulated fresh 
blood samples, increases in histone phosphorylation were 
detected at the two highest BLM concentrations, although 
significance was reached only at the highest dose; concentra-
tion-effect association was significant (r = 0.651, p < 0.01). 
Responses of stimulated fresh blood and both frozen blood 
samples to BLM treatment were more intense, displaying 
significantly higher values at all concentrations. Significant 
dose–response relationships were obtained in the two former 
cases (r = 0.797, p < 0.01 for stimulated fresh blood sam-
ples, and r = 0.716, p < 0.01 for unstimulated frozen blood 
samples).

Results obtained in samples exposed to Act-D are gath-
ered in Fig. 3. Significant increases in histone phosphoryla-
tion as compared to the control were obtained in PBL at all 
Act-D concentrations, and dose–effect relationship was evi-
dent (r = 0.812, p < 0.01). Higher values of %γH2AX were 
also observed in unstimulated and stimulated fresh blood 
samples and in unstimulated frozen blood samples treated 
with Act-D, significant in all cases excepting for the lowest 
Act-D dose in unstimulated fresh blood. Significant concen-
tration–response effects were found (r = 0.509, p < 0.05 for 
unstimulated fresh blood, r = 0.630, p < 0.01 for stimulated 
fresh blood, and r = 0.727, p < 0.01 for unstimulated frozen 
blood). Still, the intensity of response was notably lower 
in the former sample type. In contrast, stimulated frozen 
blood samples responded mildly to Act-D treatment, show-
ing slight increases in %γH2AX with regard to the control, 
mostly not significant.

Exposure of the different sample types to MMC pro-
duced the results represented in Fig. 4. Although in general, 
and similarly to the responses observed in BLM and Act-D 

Fig. 2   Results of γH2AX assay in the different sample types treated 
with bleomycin. Bars represent mean standard error. *P < 0.05; 
**P < 0.01, significant difference with regard to the corresponding 
control. BLM bleomycin, PBL peripheral blood leucocytes, FsB-US 
unstimulated fresh whole blood, FsB-S stimulated fresh whole blood, 
FnB-US unstimulated frozen whole blood, FnB-S stimulated frozen 
whole blood
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treatments, the intensity of the response of PBL and unstim-
ulated fresh blood samples is markedly lower than in the 
other sample types, no increases in histone phosphorylation 
were obtained with regard to the controls when cells were 
treated with MMC at any dose, excepting for the highest 
dose in stimulated fresh blood.

Figure 5 depicts the comparison of the background lev-
els of H2AX phosphorylation in all the negative controls 
employed (PBL, unstimulated and stimulated fresh blood, 
and unstimulated and stimulated frozen blood). Similar 
values were observed in PBL and unstimulated fresh blood 
samples. Level of %γH2AX in stimulated fresh blood sam-
ples was slightly higher than these two, but not significantly 
different. Oppositely, both unstimulated and stimulated 
frozen blood samples presented histone phosphorylation 

values significantly higher than PBL and the correspond-
ing fresh samples. No differences were observed between 
unstimulated and stimulated samples of the same type (fresh 
or frozen).

Discussion

DSB are the least frequent but most harmful type of DNA 
damage since inaccurate DSB repair can lead to genome 
rearrangements and even a single unrepaired DSB could 
result in cell death (Yamamoto et al. 2011). There is con-
sensus that γH2AX represents an early response of cells 
to genotoxic stress that results directly from DSB and/
or blocked replication forks that generate single-stranded 
DNA and, indirectly, upon replication fork collapse, gener-
ates DSB (Nikolova et al. 2014). γH2AX assay is one of 
the most sensitive and specific assays for detecting DSB; it 
allows the detection of a single DSB since H2AX molecules 
are phosphorylated in a wide area around the damaged site 
(Rothkamm and Löbrich 2003). This resolution is impos-
sible to achieve with the conventional assays, including the 
neutral comet assay. Hence, it is an ideal assay for assessing 
biologically relevant and severe genotoxic activity in human 
population studies. Indeed, this technique has a promising 
potential for an extensive use in environmental and occu-
pational surveillance, and also in the diagnosis, manage-
ment and prevention of a variety of diseases. Thus, it has 
been used as a biomarker of genomic instability in cancer 
development and progression, in evaluating cancer patient 
sensitivity and responsiveness to ionizing radiation and 
chemotherapy, and in other non-neoplastic chronic diseases, 

Fig. 3   Results of γH2AX assay in the different sample types treated 
with actinomycin D. Bars represent mean standard error. *P < 0.05; 
**P < 0.01, significant difference with regard to the corresponding 
control. Act-D actinomycin D, PBL peripheral blood leucocytes, FsB-
US unstimulated fresh whole blood, FsB-S stimulated fresh whole 
blood, FnB-US unstimulated frozen whole blood, FnB-S stimulated 
frozen whole blood

Fig. 4   Results of γH2AX assay in the different sample types treated 
with mitomycin C. Bars represent mean standard error. **P < 0.01, 
significant difference with regard to the corresponding control. MMC 
mitomycin C, PBL peripheral blood leucocytes, FsB-US unstimu-
lated fresh whole blood, FsB-S stimulated fresh whole blood, FnB-
US unstimulated frozen whole blood, FnB-S stimulated frozen whole 
blood

Fig. 5   Comparison between the basal γH2AX levels in all sample 
types tested (negative controls). Bars represent mean standard error. 
*P < 0.05, **P < 0.01, a significant difference with regard to periph-
eral blood leucocytes (PBL); ††P < 0.01, significant difference with 
regard to the corresponding fresh sample. FsB-US unstimulated fresh 
whole blood; FsB-S stimulated fresh whole blood, FnB-US unstimu-
lated frozen whole blood, FnB-S stimulated frozen whole blood. No 
significant differences were found in the comparisons between stimu-
lated and unstimulated samples (within fresh or frozen whole blood 
samples)
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especially those related to premature aging and DNA repair 
defects (reviewed in Valdiglesias et al. 2013a). Neverthe-
less, the need to isolate PBL from blood samples to conduct 
the assay limits its applicability in epidemiological stud-
ies in terms of time and blood sample size; the possibility 
of directly using whole blood for the assay would greatly 
facilitate its use in both clinical and experimental settings. 
Therefore, in this study, we aimed at determining the fea-
sibility of whole blood samples, both fresh and frozen, for 
flow cytometry γH2AX assay, as well as valuing the need of 
stimulating the cells with PHA prior analysis.

The three genotoxic agents used were chosen on the basis 
of their different mechanisms for induction of DNA DSB, 
directly or indirectly. BLM is a well-known clastogenic 
chemical; it behaves as a radiomimetic agent capable of 
directly inducing a wide spectrum of mutagenic lesions—
including DNA base damage, abasic sites, and alkali-labile 
sites—which eventually result in DNA single-strand breaks 
(SSB) and DSB (Milić and Kopjar 2004; Chen and Stubbe 
2005). Consequently, BLM is commonly used as DNA dam-
age inducer and positive control in genotoxicity assays (Laf-
fon et al. 2010; Valdiglesias et al. 2013b). BLM-induced 
clastogenicity is replication-independent (Povirk and Austin 
1991). The five different sample types tested in this study 
displayed a progressive response of H2AX phosphoryla-
tion to increasing BLM concentrations, with unstimulated 
fresh whole blood cells showing the lowest sensitivity, 
likely related to the fact that progress through the cell cycle 
gives the opportunity to slighter types of DNA damage to 
be converted into DSB. Positive γH2AX responses in the 
flow cytometry and the immunocytochemical assays to BLM 
treatment, at doses similar to the ones used in this study, 
were previously reported in unstimulated human peripheral 
lymphocytes (Scarpato et al. 2011), C18-4 spermatogonial 
cells (Liu et al. 2014), and L5178Y mouse lymphoma cells 
(Watters et al. 2009).

Act-D is a cross-linking agent used for the treatment of 
a number of different cancer types such as sarcomas, paedi-
atric solid tumours (e.g. Wilms’ tumour), testicular cancer, 
and choriocarcinoma. It intercalates into DNA strands, pref-
erentially into GC rich sequences, preventing the unwinding 
of the double helix and interfering with RNA polymerase 
progression, thereby inhibiting transcription (Sobell 1985; 
Bensaude 2011). Besides, Act-D targets topoisomerases 
(Kathiravan et  al. 2013), enzymes that facilitate DNA 
unwinding—necessary for transcription and replication 
processes—by relieving the topological tension in the DNA 
and removing supercoiling. Act-D extends the half-life of 
the covalent topoisomerase-DNA complex, stabilizing the 
nicked intermediates produced and preventing the relegation 
step (Trask and Muller 1988; Wassermann et al. 1990), thus 
leading to SSB and DSB (Ross and Bradley 1981; Tewey 
et al. 1984). PBL, both fresh whole blood samples, and 

unstimulated frozen whole blood cells responded positively 
to Act-D; among them, the lowest sensitivity and the poorer 
dose–response coefficient corresponded again to unstimu-
lated fresh whole blood cells. Stimulated frozen whole blood 
cells barely reacted to Act-D treatment. Other studies had 
previously described the induction of H2AX phosphoryla-
tion by Act-D treatment at doses ranging from 0.05 to 10 µg/
ml in HeLa cells (Mischo et al. 2005) or in resting PBL 
(Porcedda et al. 2006), by immunocytochemical analysis of 
γH2AX foci.

MMC is an antitumour antibiotic drug that has been used 
to treat different cancers including breast, bladder, oesopha-
gus, stomach, pancreas, lung, anal and liver cancers. MMC 
is extensively used as clastogenic agent and micnonuclei 
inducer in many in vitro and in vivo studies (Valdiglesias 
et al. 2011; Kataria et al. 2016), and is recommended as 
a positive control chemical in OECD Test Guidelines for 
mammalian cell genotoxicity tests (Guidelines Nos. 473, 
474, 475, 476, 483, 487, 490). MMC acts as an alkylating 
agent capable of covalently binding DNA and inducing inter- 
and intra-strand crosslinks (Roh et al. 2008), although the 
former are predominant (Avendaño and Menéndez 2015). 
Treatment with alkylating agents or crosslinkers requires 
cell cycle progression and transit through S phase for DSB 
formation and γH2AX expression (Banáth et al. 2010), since 
DSB arise when a SSB, crosslinked DNA, or damaged DNA 
base meet a replication fork (Limoli et al. 2002). Indeed, 
Al-Minawi et al. (2009) reported that MMC induced DSB 
are the result of the collapse of inter-strand crosslink-stalled 
replication forks, and showed that MMC induced DSB are 
prevented by the arrest of replication elongation. PBL and 
cells from unstimulated whole blood samples are quiescent 
cells, and thus DSB are not expect to be produced by MMC 
treatment; consequently, negative responses were observed 
in all MMC concentrations tested. Stimulated whole blood 
cells entered the cell cycle after 24 h in the presence of PHA. 
Since following this incubation treatment with MMC lasted 
only for 4 h, it is likely that this time was not long enough for 
replication to be advanced, and thus DSB could not be gen-
erated from damaged bases and crosslinks. Only cells from 
stimulated fresh whole blood samples exposed to the highest 
MMC concentration could exhibit a significant although a 
slight increase in H2AX phosphorylation. Therefore, nega-
tive phosphorylation responses observed in this study when 
cells were treated with MMC were probably due to the qui-
escence of unstimulated cells, or to the short time elapsed 
from treatment initiation to analysis in PHA stimulated 
cells. In primary mouse embryonic fibroblasts treated with 
3 µM MMC (1 µg/ml), the peak time for γH2AX foci was 
reported to be around 12 h (Niedernhofer et al. 2004), being 
the doubling time for these cells 45 h, nearly two-fold the 
lymphocyte doubling time (Hu et al. 2012). And agreeing 
with the current results, A172 glioblastoma cells (doubling 
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time approximately 40 h) treated for 3 h with 0.2–35 µg/ml 
MMC did not show any significant increase in %γH2AX 
positive cells (Laffon et al. 2017).

Comparison of the basal levels of H2AX phosphorylation 
in PBL with the whole blood samples indicates that fresh 
whole blood samples, both unstimulated and stimulated, are 
not different from PBL, and their γH2AX background is low. 
Both control frozen whole blood samples show a significant 
rise in the %γH2AX positive cells, probably due to extra 
DNA damage induced during the freezing and thawing pro-
cesses. Nevertheless, their phosphorylation levels are still 
low enough to allow detecting additional increases related to 
any DSB-producing genotoxic activity. In our previous study 
we reported that, when using cryopreserved lymphocytes 
for this assay, PHA stimulation is required since unstimu-
lated cells show too high basal damage (Sánchez-Flores 
et al. 2015). Current results demonstrate that this is not the 
case of cryopreserved whole blood samples; hence, this is 
an important time-saving advantage of using this type of 
sample instead of cryopreserved lymphocytes, together with 
avoiding the lymphocyte isolation procedure.

As a whole, fresh whole blood samples exhibited a more 
intense response to BLM and Act-D treatments when cells 
had been stimulated with PHA. Although both quiescent and 
cycling cells (in all cell cycle phases, including mitosis) have 
shown generation of γH2AX in response to DNA damage 
(Giunta and Jackson 2011), the levels of phosphorylation 
have been reported to be higher in PHA stimulated lympho-
cytes than in unstimulated cells when exposed, for instance, 
to camptothecin (Tian et al. 2011) or to X-rays (Hamasaki 
et al. 2007; Tian et al. 2011). This is probably related to the 
fact that in cycling cells DSB are also indirectly produced 
from other less relevant types of DNA damage. Therefore, 
if the purpose of a study is to assess just directly produced 
DSB, no PHA stimulation should be used with fresh whole 
blood samples. Stimulating cells from this sample type 
would allow additional detection of other DNA lesions (e.g. 
damaged bases, cross-links, SSB…) that will become DSB 
during cell cycle progression. Therefore, the decision on 
stimulating fresh whole blood samples will depend on the 
type of damage to be detected. Results obtained in frozen 
whole blood samples were less uniform when cells were 
stimulated with PHA (absence of significant dose–response 
relationship in all cases). Hence, PHA stimulation is not 
recommended when the γH2AX assay is carried out with 
frozen whole blood samples.

In conclusion, this study demonstrates that whole blood 
samples can be used to assess genotoxicity related to the 
production of DSB by the flow cytometry γH2AX assay. 
Besides, both stimulated fresh and unstimulated frozen 
whole blood cells displayed a more marked response to 
BLM and Act-D treatments than PBL, thus increasing 
the sensitivity for detecting early repair response to DSB. 

Further investigations in epidemiological studies will con-
tribute to standardize the use of whole blood as a suitable 
sample type in the γH2AX assay and to define its utility in 
different experimental and clinical settings.
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