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Abstract

Inflammatory bowel disease (IBD) is an important risk factor for gastrointestinal cancers.
Inflammation and other carcinogenesis-related effects at distal, tissue-specific sites require further
study. In order to better understand if systemic genotoxicity is associated with IBD, we exposed
mice to dextran sulfate sodium salt (DSS) and measured the incidence of micronucleated cells
(MN) and Pig-a mutant phenotype cells in blood erythrocyte populations. In one study, 8-week-
old male CD-1 mice were exposed to 0, 1, 2, 3 or 4% w/v DSS in drinking water. The 4-week in-
life period was divided into four 1-week intervals—alternately on then off DSS treatment. Low
volume blood samples were collected for MN analysis at the end of each week, and cardiac blood
samples were collected at the end of the 4-week period for Pig-a analyses. The two highest doses
of DSS were observed to induce significant increases in reticulocyte frequencies. Even so, no
statistically significant treatment-related effects on the genotoxicity biomarkers were evident.
While one high-dose mouse showed modestly elevated MN frequencies during the DSS treatment
cycles, it also exhibited exceptionally high reticulocyte frequencies (e.g. 18.7% at the end of the
second DSS cycle). In a second study, mice were treated with 0 or 4% DSS for 9-18 consecutive
days. Exposure was continued until rectal bleeding or morbidity was evident, at which point the
treatment was terminated and blood was collected for MN analysis.The Pig-a assay was conducted
on samples collected 29 days after the start of treatment. The initial blood specimens showed
highly elevated reticulocyte frequencies in DSS-exposed mice (mean + SEM = 1.75 + 0.10% vs.
13.04 + 3.66% for 0 vs. 4% mice, respectively). Statistical analyses showed no treatment-related
effect on MN or Pig-a mutant frequencies. Even so, the incidence of MN versus reticulocytes in
the DSS-exposed mice were positively correlated (linear fit R> = 0.657, P = 0.0044). Collectively,
these results suggest that in the case of the DSS CD-1 mouse model, systemic effects include
stress erythropoiesis but not remarkable genotoxicity. To the extent MN may have been slightly
elevated in a minority of individual mice, these effects appear to be secondary, likely attributable
to stimulated erythropoiesis.
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Introduction

Inflammatory bowel disease (IBD), including Crohn’s disease (CD)
and ulcerative colitis (UC), is a chronic relapsing inflammatory con-
dition affecting mainly the gastrointestinal tract. Although the exact
mechanisms underlying the initial development of IBD are not fully
understood, it is believed that an abnormal immune response is
elicited against the intestinal microbiota in genetically predisposed
individuals exposed to environmental risk factors (1).

One deleterious consequence of IBD is an increased risk of
gastrointestinal malignancies. According to the meta-analysis of
population-based cohort studies reported by Jess ez al. (2), the risk
of colorectal cancer is increased 2.4-fold in patients with UC. Risk
is particularly high in males, those of young age at diagnosis with
UC, and those with extensive colitis. After approximately 8—10 years
after diagnosis, the risk begins to increase significantly above that of
the general population. For example, a meta-analysis conducted by
Eaden ez al. (3) reported that colorectal cancer risk in UC is 2% after
10 years, 8% after 20 years and 18% after 30 years of the disease.
The overall survival is driven primarily by age, comorbidities and
cancer stage at diagnosis (4).

Prolonged chronic inflammation is assumed to be a causative factor
in colitis-associated gastrointestinal carcinomas (5). As reviewed by
Hanahan and Weinberg (6), local inflammation is considered a hall-
mark of cancer and likely contributes to neoplastic transformation in
several ways, e.g. by enhancing angiogenesis and risk of metastasis as
the result of extracellular matrix degradation, and through genetic al-
terations caused by reactive oxygen and nitrogen species.

While the IBD/cancer link is obvious for gastrointestinal tissues,
it is less clear for distal sites. While increased risk of non-melanoma
skin cancers, non-Hodgkin lymphoma, acute myeloid leukaemia and
urinary tract cancers have been reported, it is generally believed that
these are related to certain immunosuppressing therapies that have his-
torically been used to treat the disease (5,7,8). For example, the use of
thiopurines for IBD is associated with a 1.3-1.7 overall relative risk of
cancer and this is reversible upon the discontinuation of therapy (9,10).

Given the clear effects IBD has on gastrointestinal tissues, and
the less-compelling inflammation and other carcinogenesis-related
effects in distal tissues, it was noteworthy that Westbrook er al.
(11) observed what they termed evidence of systemic genotoxicity
in mouse models of IBD. These investigators reported elevated fre-
quencies of micronucleated (MN) normochromatic erythrocytes in
chemical- and immune-mediated colitis mouse models, and they also
observed 8-oxoguanine- and YH2AX-positive leukocytes.

We sought to extend this work on systemic genotoxicity using
the same chemical-induced model of IBD, dextran sulfate sodium
salt (DSS) exposure via drinking water. For these studies, mice
were treated with up to 4% DSS. Rather than restricting our ana-
lyses to normochromatic erythrocytes, we followed Organisation for
Economic Cooperation and Development (OECD) Test Guideline 474
which recommends enumerating MN reticulocytes as well (12). We
supplemented these assessments of chromosomal damage with the
peripheral blood Pig-a assay to investigate the potential of an IBD-like
condition to induce gene mutation in haematopoietic cells (13). The
results of two independent in vivo studies are described herein, along
with a discussion about the need for additional work in this area.

Materials and methods

Reagents and miscellaneous supplies
DSS (M, ~ 40 000) was purchased from Sigma-Aldrich, St. Louis,
MO. Distilled water was from Erie County Municipal Water

Supply, Buffalo, NY (NYSHD Certification No. 197; distributed
by Tops Markets, LLC). Reagents used for flow cytometric MN
erythrocyte scoring (Anticoagulant Solution, Buffer Solution,
DNA Stain, Anti-CD71-FITC and Anti-CD61-PE Antibodies,
RNase Solution and Malaria Biostandards) were from In Vivo
MicroFlow® PLUS M Kits, Litron Laboratories, Rochester,
NY. Reagents used for flow cytometric scoring of Pig-a mu-
tant phenotype erythrocytes were from Mouse MutaFlow® Kits,
Litron Laboratories and included Anticoagulant Solution,
Buffer Solution, Nucleic Acid Dye Solution (contains SYTO®
13), Anti-CD24-PE and Anti-CD61-PE. Additional supplies in-
cluded anti-CD45-PE from BioLegend, San Diego, CA (clone
30-F11), Lympholyte®-Mammal cell separation reagent from
Cedarlane, Burlington, NC; Anti-PE MicroBeads, LS Columns
and a QuadroMACS™ Separator from Miltenyi Biotec, Bergisch
Gladbach, Germany; and CountBright™ Absolute Count Beads
from Invitrogen, Carlsbad, CA.

Mice

Experiments were conducted with the oversight of the University of
Rochester’s Committee for Animal Resources. Male Crl:CD1(ICR)
mice were purchased from Charles River Laboratories, Wilmington,
MA. Mice were allowed to acclimate for approximately 1 week.
Water and food were available ad libitum throughout the acclima-
tion and experimental periods.

Treatment and blood harvests: Study 1

Age at the start of treatment was 8 weeks. At this time, groups of
eight mice were exposed to DSS via drinking water with 0, 1, 2, 3
or 4% DSS w/v. DSS-containing water bottles were changed every
2-3 days. The treatment period was divided into four intervals
whereby mice were alternately treated with DSS-containing solu-
tions for 1 week and then switched to regular drinking water to
recover for a one-week period.

Low volume blood samples for the peripheral blood micronucleus
assay were collected the same morning when new treatment cycles
were initiated: Days 8, 15 and 22. These samples were collected
directly into microcentrifuge tubes containing 175 pl MicroFlow
PLUS-M kit-supplied Anticoagulant Solution by nicking a lateral
tail vein with a surgical blade after animals were warmed briefly
under a heat lamp. Samples were maintained at room temperature
for less than 3 h until fixation with ultracold methanol as described
by Torous et al. (14).

Cardiac blood samples were collected on Day 29 for micronucleus
and Pig-a assays. This was accomplished by exposing one mouse at a
time to CO, overdose, whereupon the chest cavity was opened and a
heparin-coated needle and syringe was used to obtain approximately
1-2 ml blood. Samples were maintained at room temperature for less
than 3 h until ultracold methanol fixation occurred to prepare cells
for the micronucleus assay. The remaining blood was maintained
at 4°C until the samples were processed for the Pig-a assay the fol-
lowing day.

Treatment and blood harvests: Study 2

Age at the start of treatment was 8 weeks. At this time, groups
of 10 mice were exposed to DSS via drinking water with 0 or
4% DSS w/v. DSS-containing water bottles were changed every
2-3 days. Exposure was maintained and the collection of blood
samples for the micronucleus assay was delayed on a mouse-
specific basis until rectal bleeding or morbidity was evident (Day
9-18).
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Low volume blood samples for the peripheral blood micronucleus
assay were collected between Days 9 and 18. These samples were
collected as described above. Cardiac blood samples were collected
on Day 29 and stored for 1 day as described above for the Pig-a
assay.

Micronucleus assay: sample preparation and data
acquisition

The micronucleus assay provided three key measurements: frequency
of CD71-positive reticulocytes, abbreviated RETP7"; frequency of
CD71-positive MN reticulocytes (MN®P7!*); and frequency of CD71-
negative MN erythrocytes (MN“P7!-). These endpoints were scored
via flow cytometry according to the In Vivo MicroFlow PLUS-M
Kit manual, v170503 (www.litronlabs.com). These procedures have
been described in detail by Dertinger et al. (15). Data were acquired
until a user-defined stop-mode was reached: 20 000 RET"”'* per
blood sample. Instrument set-up and calibration were performed
using kit-supplied biological standards (Plasmodium berghei-
infected blood cells) (16). A BD FACSCalibur™ flow cytometer run-
ning CellQuest™ Pro v5.2 software was used for data acquisition
and analysis.

Pig-a assay: sample preparation and data

acquisition

The Pig-a assay provided three key measurements: frequency of RNA-
positive reticulocytes, abbreviated RET*NA*; frequency of CD24-negative
reticulocytes (mutant RET); and frequency of CD24-negative erythro-
cytes (mutant RBC). These endpoints were scored with I Vivo Mouse
MutaFlow Kit reagents (Litron Laboratories) via immunomagnetic
depletion of wild-type erythrocytes and flow cytometric analysis, as
described previously (17) and in the In Vivo Mouse MutaFlow Kit
Instruction Manual, v190109 (www.litronlabs.com).

Pig-a sample labelling and washing steps utilised deep-well
96-well plates from Axygen Scientific (cat. no. P-DW-20-C) which
facilitated efficient, parallel processing. Flow cytometric analyses
were also conducted using 96-well plates (U-bottom, Corning, cat.
no. 3799) and the BD High Throughput Sampler (HTS) provided
automated, walk-away flow cytometric analysis.

An Instrument Calibration Standard was created with approxi-
mately 50% wild-type and 50% mutant-mimic erythrocytes, and
as described previously, it provided a means to rationally and con-
sistently define the location of mutant phenotype cells (18). A BD
FACSCanto™ II flow cytometer running BD FACSDiva™ v6.1.2
software was used for data acquisition and analysis.

Data analysis

Change in body weight is expressed in grams; the incidence of
RET71*) MNC7l+ - MNCP7- and RETRNA* are expressed as fre-
quency percent; and mutant RET and mutant RBC values are re-
ported as number per 1 million total RET and RBC, respectively.
The formulas used to calculate mutant RET and mutant RBC fre-
quencies were based on pre- and post-immunomagnetic column
data as described previously (19) and the MutaFlow manual
(www.litronlabs.com).

The effect of treatment on weight and each of the micronucleus
and Pig-a assay endpoints was evaluated using JMP software
(v12.0.1, SAS Institute Inc., Cary, NC). First, each factor was
tested for homogeneity of variance using Levene’s test (alpha was
0.05). Parametric tests were used when data were found to exhibit
homogeneous variances, or when log, —transformation satisfied

this criterion. Otherwise, non-parametric tests were applied to
untransformed data.

When parametric testing was indicated for Study 1 data, one-
way ANOVA was used; when parametric testing was indicated for
Study 2 data, a #-test was employed. These tests were conducted at
alpha 0.05 and in the case of a change in body weight, RET7!* and
RET®NA* they were performed as two-tailed tests. For the MIN®P71+]
MN®7 " mutant RET and mutant RBC endpoints, the tests were
one-tailed. When ANOVA indicated statistical significance, Dunnett’s
test was used to identify the responsible group(s) (alpha = 0.05).

When non-parametric testing was indicated for certain Study
1 and Study 2 factors, Kruskal-Wallis and the Wilcoxon test were
used, respectively. These tests were conducted at alpha 0.05 and two-
tailed in the case of body weight and %RET values, and one-tailed
for each of the four genotoxicity endpoints. When Kruskal-Wallis
indicated statistical significance, JMP software’s Comparisons with
Control Using Steel method was used to identify the responsible
group(s) (alpha = 0.05).

Results

Study 1

Mean body weight gains over the entire exposure period (Day 1-22)
were 3.5, 3.8, 2.7, 3.0 and 1.2 g for the 0, 1, 2, 3 and 4% DSS
groups, respectively. Only the reduced weight gains in the 4% DSS
group reached statistical significance. Whereas diarrhoea and anal
redness were evident in the 3 and 4% DSS groups, only the high-
dose group showed obvious signs of rectal bleeding. Bleeding be-
came evident at the end of the first cycle of 4% DSS, resolved when
treatment was discontinued and reappeared at the end of the second
cycle of DSS.

Micronucleus assay results at four time points are presented in
Figure 1. The left-most graphs depict %RETP7!*, with the first three
time points showing evidence of a dose-dependent increase. Note
that while the Day 22 ANOVA result showed a significant effect, the
post hoc test was unable to identify the responsible treatment group,
likely due to the considerable amount of variation observed in the
high-dose animals. Interestingly, the same one high-dose mouse con-
sistently exhibited the highest %RETP7!* values.

DSS treatment did not have a statistically significant effect on
% MNP+ (Figure 1, middle graphs) or %MN®7! (Figure 1, right-
most graphs). While statistical significance was not achieved, it is
interesting to note that the same one high-dose mouse that exhibited
the highest %RET7!* values also exhibited the highest MN®P71+
and MN“P7!" frequencies on Days 8 and 22, i.e. at the end of the two
DSS exposure cycles.

Pig-a mutation assay results for Day 29 blood samples are pre-
sented in Figure 2. This was subsequent to a week of recovery, and
no difference among treatments groups was found for %RETRNA*
(left-most graphs). DSS treatments also had no discernible effect on
the frequency of mutant RET (middle graphs) or mutant RBC (right-
most graphs).

Study 2

Change in mean body weights over the exposure periods were 1.9
and -2.6 for the 0 and 4% DSS groups, respectively (P = 0.0017).
Each of the DSS-exposed mice exhibited diarrhoea and rectal
bleeding, but the onset was variable. For instance, whereas half
the mice exhibited these severe effects between Days 9 and 12,

the other half showed weaker responses that became apparent
on Day 18.
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Figure 1. Study 1 micronucleus assay results.The frequency of peripheral blood CD71-positive reticulocytes (RET®'*), CD71-positive MN reticulocytes (MNCP7'+)
and CD71-negative MN erythrocytes (MNC®"") are graphed for each of five DSS treatment groups at each of four time points. Individual points represent
individual mice; group mean values are represented by the centre line of each diamond; and the extreme points on each diamond represent upper and lower
95% confidence intervals.The P-values provided on each graph correspond to Kruskal-Wallis or ANOVA test results. When treatment was found to be statistically
significant (P < 0.05), post hoc pair-wise testing was conducted and those group(s) found to be significantly different from the 0% DSS control group are
indicated by an asterisk.
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are represented by the centre line of each diamond; and the extreme points on each diamond represent upper and lower 95% confidence intervals.The Pvalues
provided on each graph correspond to Kruskal-Wallis or ANOVA test results.

Micronucleus assay results are shown in Figure 3 (top row
of graphs). Similar to Study 1, the DSS-treated mice exhibited
elevated RET®P7!* frequencies at the first blood sampling time.
Pair-wise testing showed no evidence for a treatment-related

effect on % MNP+ or %MNP7!- Even so, it is perhaps note-
worthy that 2 of 10 DSS-treated mice exhibited moderately ele-
vated MN®7!* frequencies: 0.34 and 0.37% (mean =
the 0% DSS group = 0.20 = 0.01%). These elevated values were

SEM for
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Figure 4. Study 2 micronucleus assay results are shown, with each mouse’s
CD71-positive  MN reticulocyte (MN®7™*) frequency graphed against its
corresponding CD71-positive reticulocyte (RET®”'*) frequency. These results
are for each 4% DSS-exposed mouse, and the linear fit shows a direct
correlation between these factors. The low P-value demonstrates that the best-
fit line explains the relationship significantly better than a mean fit line.

observed in mice with the highest %RET frequencies. In fact, a
best-fit line formed by graphing the 4% DSS group’s % MNP 71+
and %RET7!* values shows a statistically significant positive
correlation (P = 0.0044; Figure 4).

Pig-a assay results are shown in Figure 3, the bottom row of
graphs. At this late (Day 29) time point, no treatment-related

changes to RET*™**, mutant RET or mutant RBC frequencies
were observed.

Discussion

We studied a DSS mouse model of IBD and found evidence of se-
vere gastrointestinal effects, namely diarrhoea and rectal bleeding.
We also observed high %RET frequencies in DSS-exposed mice. This
was also reported by Trivedi and Jena (20), and as with those inves-
tigators, we attribute this to DSS-stimulated erythropoiesis. On the
other hand, we were not able to detect DSS treatment-related effects
on mutant RET and mutant RBC frequencies. It is noteworthy that
there are at least two reports indicating stress erythropoiesis does
not affect rodent Pig-a mutant cell frequencies (21,22).

We did not observe statistically significant effects of DSS on
% MNP or % MNP This is inconsistent with reports by Westbrook
et al. (11) and Trivedi and Jena (20) who found elevated frequencies of
MN erythrocytes in mice exposed to DSS in drinking water. There are
several non-mutually exclusive explanations for the divergent results.
Mouse strains used for these various studies were different, and it has
been reported that factors including the gut microbiome and cleanliness
of the vivarium can impact the responsiveness of mice to DSS (23). It
is also possible that the variability of the DSS animals’ responsiveness
adversely affected our ability to detect significant genotoxic effects. That
being said, in each instance MN®"7'* values were moderately elevated,
it was always in conjunction with remarkably high %RET""'* values.
One interpretation of these results is that stimulated erythropoiesis is
responsible for elevated frequencies of MN erythrocyte populations.
Indeed, as reviewed by Tweats et al. (24), it is well known that high
erythropoiesis function itself is capable of increasing MN erythrocyte
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frequencies. To the extent one embraces this view, DSS-induced IBD
cannot be considered a systemic genotoxicant, but rather an indirect
inducer of micronuclei as a consequence of stress erythropoiesis.

Effects of oral DSS treatment on peripheral blood leukocytes have
been reported that lend some support to the systemic genotoxicity
hypothesis. For instance, Westbrook et al. (11) demonstrated that
leukocytes from DSS-treated mice showed increased labelling for
vYH2AX and 8-oxoguanine. Even so, attributing these results to
systemic genotoxicity is also problematic. Through elaborate pro-
cesses that involve adhesion molecules and chemokine receptors,
IBD causes the recruitment of leukocytes from the bloodstream to
the intestine (25-27). Once in the gastrointestinal tract, transmigra-
tion through blood vessels occurs, thereby allowing immune cells
to come into contact with antigen-presenting cells. This homing
process does not permanently anchor leukocytes to gastrointestinal
tissue. Rather, they are observed to migrate to regional lymph nodes
and to the systemic circulation via the thoracic duct (27). Therefore,
assaying blood leukocytes does not completely solve the challenge
of differentiating genotoxicity that is occurring locally in inflamed
tissue(s) versus DNA damage that is occurring systemically.

Additional work is needed to more thoroughly investigate
systemic effects associated with IBD-like conditions, including
genotoxicity. Given the confounding influence that stimulated
erythropoiesis has on MN erythrocyte assays, future rodent-
based studies would benefit from the evaluation of distal tissues
in addition to gastrointestinal and haematopoietic cells (28-30).
Furthermore, beyond relying on rodent models, it would be most
ideal to extend these studies to include analyses of CD and UC
patients before and during the course of therapy. This is possible
for several genotoxicity endpoints that can be applied across mam-
malian species of toxicological interest (29,31-33). For instance, at
the time of this writing, Cao et al. (34) reported that Chinese IBD
patients experiencing azathioprine-based therapy showed slightly
elevated frequencies of Pig-a mutant cells and pronounced in-
creases in MN lymphocytes. However, since all of the IBD patients
were actively being treated with azathioprine, it is not possible to
ascribe these findings to the disease as opposed to the known in
vivo genotoxicity of the drug (19). This reinforces the need for add-
itional studies that are designed to discriminate genotoxic effects
associated with IBD itself versus those caused by the therapeutic
intervention(s).
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