
Abstract. Background/Aim: Exposure to chromium (VI)
[Cr(VI)] has been postulated to be associated with the
induction of cancer. In vivo studies utilizing biomarkers of
genotoxic damage could aid in elucidating the mechanisms
underlying the genotoxic effects of Cr(VI) and their
relationship with carcinogenesis. In this study, the origin
(clastogenic and/or aneugenic damage) and kinetics of
micronuclei (MN) induced by Cr(VI) were investigated.
Materials and Methods: Hsd:ICR female mice were divided
into groups of five individuals each. MN kinetics were
measured in groups treated with 20 or 25 mg/kg CrO3
intraperitoneally using acridine orange-coated slides in
peripheral blood obtained from the caudal vein 0, 12, 24, 36,
48, 60, and 72 h after treatment. Whereas identification of
MN with centromeric DNA (MNK+) was measured at the
dose of 20 mg/kg of CrO3, using fluorescence in situ
hybridization (FISH) with a centromere-specific probe in
peripheral blood obtained at 0, 12, and 48 h after treatment.
Control groups were administered vehicle only. Results: Total
MN were quantified and the clastogenic/aneugenic effects of
Cr(VI) were evaluated based on the proportion of MNK+ versus
micronuclei without centromeric DNA (MNK–). There was a
significant increase in MN frequencies beginning at 12 h in the
Cr(VI)-treated groups demonstrating its genotoxicity. When

calculating the MNK+ as a percentage of the total MN, the
increase was significant beginning 12 h after treatment.
Conclusion: The fact that the MNK+ and MNK– were
observed at both evaluation times corroborates Cr(VI) as a
genotoxic agent and demonstrates that both clastogenic and
aneugenic damages are involved in the formation of MN.

The International Agency for Research on Cancer (IARC)
has placed chromium (VI) [Cr(VI)] in Group 1, carcinogenic
to humans (1). Human exposure to Cr(VI) is not rare.
Currently, these compounds are used in several industries,
including electroplating, welding, leather tanning, and
pigment manufacturing. They can also be produced by
combustion from automobiles and tobacco consumption (1,
2). Intracellular reduction of Cr(VI) can generate oxidative
damage to DNA leading to DNA adduct formation, cross-
linking (DNA-protein and DNA-DNA), abasic sites, and
oxidized DNA bases (3, 4). These effects may be related to
clastogenic damage leading to different health disorders such
as cancer. Moreover, alterations such as the loss of
chromosomes, originating from deficiencies in chromosome
migration or nondisjunction may play a role in the onset of
neoplasia. It is important to determine the origin of the
damage (clastogenic and/or aneugenic) in order to propose
prevention or treatment strategies against Cr(VI)-induced
carcinogenic effects. Although studies are showing that
exposure to Cr(VI) compounds has clastogenic and
aneugenic effects (4-6), there are currently no studies in vivo
that explore the mechanisms underlying the induction of
micronuclei (MN) by Cr(VI) in the peripheral blood of mice,
which is an important research gap.

This study initially focused on investigating the kinetics
of micronucleus (MN) induction. Subsequently, the study
aimed to determine the in vivo origin (clastogenic and/or
aneugenic damage) of the MN induced by Cr(VI). The MN
assay was used because it is a relevant biomarker of
chromosomal/genomic damage to detect genotoxic agents
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(7). MN kinetics were evaluated with acridine orange-coated
slides and the origin of clastogenic and/or aneugenic damage
in the formation of Cr(VI)-induced MN was identified using
fluorescence in situ hybridization (FISH).

Materials and Methods

Chemicals. All the test chemicals and reagents were obtained from
Sigma Chemicals Co. (St. Louis, MO, USA). Chromium trioxide
[CrO3, purity grade 99.9%, CAS 1333-82-0], acridine orange (AO)
[CAS 10127-02-3].

Animals. Female Hsd:ICR mice were obtained from Harlan®
(“Facultad de Química-UNAM”, Mexico City, Mexico) and allowed
to acclimate for two weeks prior to initiating the experiments. The
mice (8-12 weeks old, 28-35 g) were randomly divided into groups
of five individuals each. They were kept in plastic cages in a
temperature-controlled room (22±2˚C) and with a 12-h light-dark
cycle. They had free access to food (Purina®-Mexico, Mexico City,
Mexico, small rodent chow) and water.

Experimental design. The Cr(VI) group was injected with CrO3
intraperitoneally immediately after the solution was prepared. The
control group was treated with the vehicle (distilled water) only.
Although the intraperitoneal (ip) route is an artificial exposure route,
it is useful for detecting genotoxic damage in short-term assays,
such as MN, when testing compounds with potential clastogenic
properties as it is more sensitive and direct (8). Thus, the ip route
of administration was selected in this study since our aim was to
examine the direct genotoxic damaging effects of CrO3. The
evaluation criteria and working conditions were set up according to
the OECD guidelines (Test No. 474) for the testing of chemicals:
mammalian erythrocyte MN test (7). Experimental protocols were
approved by the Bioethics Committee of the “Facultad de Estudios
Superiores-Zaragoza”, UNAM (Code: FESZ-CE/21-118-13).

The doses of CrO3 applied to the organisms to establish the
kinetics of MN were based on the LD100 (30 mg/kg) using historical
laboratory control data. The LD100 was reduced by 1/3 (20 mg/kg)
and 1/6 (25 mg/kg). In accordance with OECD guidelines (Test No.
474) (7), the four CrO3 doses were included in the MN kinetics
graph: a) historical data from laboratory control (15 and 30 mg/kg)
and b) experimental data from the present study (20 and 25 mg/kg).

Micronuclei assay. Genotoxic damage was assessed using the short-
term MN protocol in peripheral blood. The evaluations were
performed on sequential peripheral blood samples obtained from the
same individuals. All groups’ 0-h samples were also designated as
negative control. Two slides were prepared for each mouse. The
assessments of MN were performed based on 4,000 polychromatic
erythrocytes (PCE) per mouse. In parallel, the relative proportion
of PCE to normochromatic erythrocytes (NCE) was analyzed in
2,000 erythrocytes.

MN kinetics were evaluated using acridine orange-coated slides
in three groups: (i) animals treated with vehicle only (vehicle
water, distilled); (ii) animals injected with CrO3 (20 mg/kg); and
(iii) animals injected with CrO3 (25 mg/kg). Moreover, the origin
of MN (clastogenic versus aneugenic damage) was evaluated using
FISH in four groups: (i) animals treated with vehicle only (vehicle
water, distilled); and (ii) animals injected with the Maximum

Tolerated Dose (MTD) of CrO3 that showed the highest induction
of MN based on the results of the kinetics. FISH studies were done
in duplicate.

Acridine orange-coated slides. Sequential peripheral blood samples
(5 ml) were obtained from the same individuals (0, 12, 24, 36, 48,
60, and 72 h) and placed directly onto slides previously treated with
AO, as described by Hayashi et al. (9). The slides were stored in
the dark at 4˚C for 24 h. The assessments were performed by
identifying PCE, NCE, and MN in PCE using a fluorescence
microscope (NikonTM OPTIPHOT-2; Tokyo, Japan) with blue
excitation (480 nm) and a barrier filter emission (515-530 nm) at
100× magnification.

Fluorescence in situ hybridization analysis. Sequential peripheral
blood samples (5 ml) were obtained from the same individuals (0, 12,
and 48 h) and were spread directly on slides, allowed to dry at room
temperature, and fixed with absolute methanol. The FISH analysis for
the identification of centromeres in the MN (MNK+) was performed
according to the manufacturer’s instructions (Mouse Centromeric
Probe Oncor Hybridization kit S1340, Gaithersburg, MD, USA). The
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Figure 1. Peripheral blood erythrocytes of mice treated with chromium
trioxide. (A) Fluorescent microphotograph (1,000×) using the AO
coating method. PCE stain fluorescent orange (i), NCE do not stain
(dark shadow) (ii), and MN fluoresces yellow (iii). (B) Kinetics of the
MN (mean±S.E./1,000 PCE) observed from 0 to 72 h with the 20 and
25 mg/kg CrO3 treatments. A total of 4,000 PCE were evaluated in each
mouse (n=5 mice/group). ^Three and five mice died at 60 and 72 h,
respectively. ^Five mice died at 24 h. Statistical significance was
determined using two-way repeated measures-ANOVA followed by
Tukey’s post-hoc test. Analysis by treatments: *p<0.05 vs. control;
+p<0.05 vs. 0 h. Control: Vehicle only; CrO3: chromium trioxide; PCE:
polychromatic erythrocytes; NCE: normochromatic erythrocytes; MN:
micronuclei; AO: acridine orange; SE: standard error; ANOVA:
analysis of variance.



cell samples were incubated in 2xSSC at 37˚C, dehydrated with
ethanol (70%, 85%, and 100%), denatured with formamide (70%,
70˚C), and dehydrated with cold ethanol. The centromeric probe was
denatured at 70˚C and immediately placed on the slide with the target
DNA (erythrocytes) and incubated for 24 h (37˚C) for hybridization
to take place. Hybridized and washed sections were coverslipped with
propidium iodide/antifade and were observed with a fluorescence
microscope (DIA-ILL and TRIPLE D-F-T filters, Nikon™
OPTIPHOT-2; Tokyo, Japan) at 1,000× magnification.

Statistical analysis. The total MN and MNK+ averages and the
PCE/NCE ratio are expressed as the mean±standard deviation (SE).
Statistical significance for these parameters was determined using
two-way repeated measures-ANOVA followed by Tukey’s post hoc
test. The percentages of MNK+ and MN without centromeric DNA
(MNK–) were analyzed using Fisher’s exact test. Data normality
was verified with the Shapiro-Wilk test. GraphPad Prism 8.0® for
macOS (Software 8.4.2, San Diego, CA, USA) was used for
analyses, and tests with p<0.05 were considered significant.

Results

The genotoxic damage caused by Cr(VI) was evaluated using
the MN assay in erythrocytes of peripheral blood. First, the
kinetics of MN were determined using AO-coated slides.
PCE exhibited orange fluorescence due to the presence of
ribosomal RNA (Figure 1A), while NCE did not stain
(Figure 1A). The AO also enabled the identification of MN,
which exhibited yellow fluorescence due to their DNA
content (Figure 1A). Figure 1B shows the kinetics of MN
from 0 to 72 h when doses of 20 and 25 mg/kg of CrO3 were
administered. The doses of 15 and 30 mg/kg of CrO3
correspond to historical control data. In these studies,
although the 15 mg/kg treatment induced an increase in MN,
it was not significant compared to the control group and
against their own time 0. The treatment of 30 mg/kg induced
the death of all organisms after 24 h. Based on these data, in

the present study, the doses of 20 and 25 mg/kg of CrO3
were selected to determine the time in which the greatest
induction of MN occurs. The 20 and 25 mg/kg of CrO3
treatments increased the MN beginning at 12 h after
administration; significant results were obtained from 24 and
up to 60 h compared to the control group and against their
own hour 0. In the graph (Figure 1B), two peaks in the
frequencies of MN are observed in the group treated with the
20 mg/kg dose. The first peak corresponds to an early
induction between 12 and 24 h, and the second (48 h)
corresponds to the greatest observed effect. Mice in the CrO3
groups showed clinical signs of toxicity, including bristly
hair, decreased motility, and loss of appetite. The 25 mg/kg
dose induced the death of 3 mice at 60 h, and the death of
the entire group at 72 h.

Table I shows the MN values (totals and MNK+), as well
as the PCE/NCE ratio observed at 0, 12, and 48 h after
Cr(VI) treatment in peripheral blood using FISH with the
centromeric DNA probe. In the CrO3 group, the PCE/NCE
ratio decreased from 35.7 to 23.8 at 12 h, showing a slight
increase to 28.6 at 48 h. The decrease was not significant
against the control group and its own control (0 h). In this
same group, an increase of about 12 MN was observed at 48
h, which was significant when compared to the MN observed
before treatment administration (0 h) and to the control
group at 48 h. In the control group, centromeric DNA was
detected in the MN observed at 0 and 48 h. In the CrO3
group, MN with centromeric DNA were detected from 0 h,
and the difference relative was significant at 12 and 48 h
(Table I). Centromeric DNA was identified in these MN
using FISH with the centromeric DNA probe: (i) PCE
stained pale red due to the presence of ribosomal RNA; (ii)
NCE did not stain because the RNA had been degraded; (iii)
MNK– exhibit yellow fluorescence due to their DNA
content; and (iv) MNK+ show centromeric DNA as red dots
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Table I. Average number of MN, MNK+, and the ratio of polychromatic erythrocytes to normochromatic erythrocytes in the peripheral blood of
mice treated with chromium trioxide.

Treatment Dose Time n PCE/NCE MN MNK+
(mg/kg) analysis 1,000 cells /1,000 PCE /1,000 PCE

(h) (mean±S.E.) (mean±S.E.) (mean±S.E.)

Control 0 0 10 35.0±2.6 1.9±0.5 0.1±0.1
12 34.6±3.3 2.3±0.4 0.0±0.0
48 36.0±3.0 2.7±0.4 0.2±0.1

CrO3 20 0 10 35.7±2.8 1.7±0.4 0.1±0.1
12 23.8±2.4 3.1±0.4 0.8±0.2d
48 28.6±3.2 14.1±0.9a,b,c 3.8±0.3a,b,c

For MN, a total of 4,000 PCE, and PCE/NCE ratio, a total of 2,000 erythrocytes were evaluated in each mouse (n=5 mice/group). Control: Vehicle
only; CrO3: chromium trioxide; PCE: polychromatic erythrocytes; NCE: normochromatic erythrocytes; MN: micronuclei; MNK+: MN with
centromeric DNA. Two-way repeated measures-ANOVA: ap<0.0001 vs. CrO3, 0 h; bp<0.0001 vs. CrO3, 12 h; cp<0.0001 vs. control, 48 h; dp<0.0465
vs. CrO3, 0 h.



in addition to yellow fluorescence (Figure 2A). Figure 2B
shows the percentages of MNK+ and MNK– relative to the
total MN observed in peripheral blood erythrocytes at 0, 12,
and 48 h after Cr(VI) treatment. In the CrO3 group, both
MNK+ and MNK– were observed from 12 h. The increase
in the percentages of MNK+ (25.8 and 27% at 12 and 48 h,
respectively) was also significant when compared to the
MNK+ observed before treatment administration (0 h) and
to the control group.

Discussion

In this study, the genotoxic damage caused by Cr(VI) was
assessed in the erythrocytes of the peripheral blood of mice
using the short-term MN protocol with acridine orange-coated
slides. These MN evaluations did not require the sacrifice of

the animals; thus, we were able to explore MN kinetics by
drawing sequential peripheral blood samples from the same
individuals. A significant increase in MN frequencies (12-60
h after CrO3 treatment) demonstrated Cr(VI)-induced
genotoxicity. This is consistent with previous findings
evaluating Cr(VI)-induced genotoxicity (10, 11), and
particularly by CrO3 (12, 13). The underlying genotoxic
mechanism of the action of Cr(VI) has been linked to the
intracellular reduction of Cr(VI) to Cr(III). During this
chemical process ROS such as •OH are generated (14, 15).
These species can induce cytogenetic damage which results in
the formation of MN (11). Although direct oxidative damage
to DNA is considered clear evidence of the clastogenic effect
of Cr(VI) (4), supplementary MNK+ analysis may improve
the sensitivity of the assay to detect both clastogenic effects
and chromosomal instability. Hence, the MN assay with FISH
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Figure 2. Peripheral blood erythrocytes of mice treated with chromium trioxide. (A) Microphotograph (1,000×) using fluorescence in situ
hybridization (FISH) with a centromeric DNA probe. PCE stain fluorescent pale red (i), NCE does not stain (white shadow) (ii), MNK– fluorescent
yellow (iii), and MNK+ stain fluorescent yellow with a deep red dot (iv). (B) Data show the MN percentages (MNK+ or MNK– divided by the total
MN) observed at 0, 12, and 24 h. A total of 4,000 PCE were evaluated in each mouse (n=5 mice/group). Fisher’s exact test: ap<0.0002 vs. CrO3,
0 h; bp<0.0001 vs. control 12 h; cp<0.0001 vs. control, 48 h. Control: Vehicle only; CrO3: chromium trioxide; PCE: polychromatic erythrocytes;
NCE: normochromatic erythrocytes; MN: micronuclei; MNK–: micronuclei without centromeric DNA; MNK+: micronuclei with centromeric DNA.



was used to identify MNK+ at 12 (early induction time) and
48 h (highest effect time). Applying FISH using centromeric
DNA probes in the MN assay makes it possible to
discriminate between chromosome breakage and chromosome
loss, derived from either impairment in chromosome migration
or non-disjunction (16). MNK– indicates that the MN contains
only chromosome fragments (clastogenic damage), whereas
the MNK+ indicate chromosome loss (aneugenic damage).
Although the presence of MNK+ in the MN observed at 12
and 48 h confirms aneugenic effects in the group treated with
CrO3, the frequencies of MNK+ are low (25.8 and 27%,
respectively), indicating that the main pathway in the MN
induction is by DNA breaks. In in vitro studies performed on
human lung cells, exposure to lead chromate was found to
increase aneuploidies in a dose- and time-dependent manner.
These findings suggest that centrosome dysfunction leads to
the induction of aneuploidies that represent a possible
mechanism in carcinogenesis (5). Eleftheriou et al. (6)
reported that treatment with Cr(VI) interacted with
microtubules in cells from the root tip of Lens culinaris. These
observations could be related to the presence of MNK+ since
Cr(VI) interacting with tubulin could induce the lag of
chromosomes that were not included in the nuclei of the
daughter cells during mitosis.

The toxic effects of the 25 and 30 mg/kg doses induced
death at 60 and 24 h respectively, corroborating the toxic
potential of exposure to this metal (1, 2). Although the
cytotoxic effects of Cr(VI) have been documented in
different study models (4), no marked changes in the
PCE/NCE ratio were observed in the Cr(VI) group.
Assessment of the PCE/NCE ratio is included in the MN
assay as it may be an indicator of cytotoxicity (17).
However, negative results must be interpreted with caution
because, when toxicity occurs during erythropoiesis, cell
division mechanisms are activated and may mask this effect
(17, 18).

Conclusion

In summary, this study confirmed the genotoxicity of Cr(VI)
and provided in vivo evidence that the formation of MN in
mice’s PCE involves both clastogenic and aneugenic damage.
The identification of Cr(VI) as an aneugenic damage-
inducing agent, in addition to its clastogenic properties, is an
important endpoint for genotoxicity tests. Understanding the
origin of MN can help elucidate the relationship between
chromosomal/genomic damage and the initiation of
carcinogenic processes resulting from exposure to metals like
Cr(VI). However, further research is required to gain a deeper
understanding of the underlying mechanisms involved in the
formation of MN induced by metal exposure. This will aid in
development of specific strategies to prevent or treat the
harmful effects of these potentially carcinogenic metals.
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