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High molecular weight hyaluronic acid drastically reduces
chemotherapy-induced mucositis and apoptotic cell death
Ali I. Mohammed1,2✉, Antonio Celentano 1, Rita Paolini1, Jun T. Low3, John Silke 3,4, Lorraine A. O’ Reilly 3,4,
Michael McCullough1 and Nicola Cirillo 1✉

© The Author(s) 2023

Oral and intestinal mucositis (OIM) are debilitating inflammatory diseases initiated by oxidative stress, resulting in epithelial cell
death and are frequently observed in cancer patients undergoing chemo-radiotherapy. There are currently few preventative
strategies for this debilitating condition. Therefore, the development of a safe and effective mucositis mitigating strategy is an
unmet medical need. Hyaluronic acid (HA) preparations have been tentatively used in oral mucositis. However, the protective
effects of HA in chemotherapy-induced mucositis and their underlying mechanisms remain to be fully elucidated. This study aimed
to assess these mechanisms using multiple formulations of enriched HA (Mucosamin®), cross-linked (xl-), and non-crosslinked high
molecular weight HA (H-MW-HA) in an oxidative stress-induced model of human oral mucosal injury in vitro and an in vivo murine
model of 5-flurouracil (5-FU)-induced oral/intestinal mucositis. All tested HA formulations protected against oxidative stress-
induced damage in vitro without inducing cytotoxicity, with H-MW-HA also significantly reducing ROS production. Daily
supplementation with H-MW-HA in vivo drastically reduced the severity of 5-FU-induced OIM, prevented apoptotic damage and
reduced COX-2 enzyme activity in both the oral and intestinal epithelium. In 5-FU-injected mice, HA supplementation also
significantly reduced serum levels of IL-6 and the chemokine CXCL1/KC, while the serum antioxidant activity of superoxide
dismutase was elevated. Our data suggest that H-MW-HA attenuates 5-FU-induced OIM, at least partly, by impeding apoptosis,
inhibiting of oxidative stress and suppressing inflammatory cytokines. This study supports the development of H-MW-HA
preparations for preventing OIM in patients receiving chemotherapy.
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INTRODUCTION
Mucositis is a common and debilitating complication associated
with the cytotoxicity of radiotherapy, chemotherapy or chemor-
adiotherapy (CRT) [1–3]. The condition affects the entire
alimentary canal from the mouth to the anus [2, 3]. In particular,
mucositis results in ulceration and pain in both the mouth and
intestine that may require opioid use. This sequela can adversely
affect patient’s quality of life to an extent that a delay or even
cessation of cancer treatment is necessitated. Mucositis is also
associated with anorexia, vomiting, and diarrhea [4–6] and
remains a significant burden for up to 80% [7, 8] of those patients
undergoing chemotherapeutic or radiation regimens [9–12].
Pertinently, 5-fluorouracil (5-FU) [13, 14], one of the most widely
used chemotherapeutic agents for malignancies such as breast
and gastrointestinal tract cancers, is commonly associated with
mucositis [14].
The consequences of mucositis are far-reaching and include

changes in nutritional status, gastrostomy or parenteral feeding
dependence, hospitalization, and the predisposition to bacterae-
mia or even sepsis in severe cases. From a healthcare perspective,
economic evaluations indicate considerable incremental

expenditure for mild/moderate mucositis (US$1936.06, 2012
values) and severe mucositis (US$4099.89, 2012 values). This is
compounded by the fact that ~400,000 patients per year in the
USA alone suffer from cancer therapy induced oral mucositis (OM)
[15], with an estimated value in excess of US$1 Billion/year. Hence,
effective prevention of mucositis would not only improve quality
of life and enable patients to receive higher therapeutic dosage of
chemoradiotherapy for durable remission or even cure, but also
provide substantial economic benefit [16, 17].
Despite the significant clinical and economic impact of mucositis,

coagents used in its management (anti-inflammatories, biologic
response modifiers, cytoprotectants antimicrobials, antifungal) are
generally only palliative [12, 18–20] with only a few agents
(palifermin and benzydamine) approved to date [2]. Palifermin is
expensive, with use limited to patients with hematological
malignancies [21], while benzydamine (approved in Europe) has
limited overall activity [18, 22]. Other therapies, including local
application of cryotherapy, photobiomodulation (PBM) therapy, PTA
(polymyxin E, tobramycin and amphotericin B) and granulocyte
macrophage-colony-stimulating factor/granulocyte colony-
stimulating factor (GM-CSF/GCSF) [23] remain to be clinically
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validated [21]. Currently, no single intervention that universally
mitigates oral or intestinal mucositis exists to both improve quality
of life for cancer patients and reduce the burden on healthcare.
An understanding of the pathophysiology of chemotherapy-

induced mucositis is instrumental for the development of novel
mechanism-based drugs for this condition. In general, oral
mucositis (erythema and ulcerative lesions) and intestinal
mucositis (villi shortening and disruption crypt cell homeostasis)
are thought to be due to excessive inflammation, epithelial
atrophy and apoptosis, coupled with cellular hypo-proliferation,
resulting in mucosal thickness reduction [24, 25]. At the molecular
level, oral and intestinal chemotherapy-induced mucosal injury is
associated with the production of reactive oxygen species (ROS) at
early preclinical stages. Consequently, activation of oxidative
stress pathways [26, 27] and DNA damage leads to basal and
suprabasal epithelial cell death and subsequent breakdown of the
oral or intestinal barrier [2, 3, 7, 16]. Given the vital role played by
ROS in mucositis pathogenesis, inhibition of this pathway could be
a valid therapeutic strategy. In this regard, anecdotal evidence
suggests that hyaluronic acid (HA) may be effective in preventing
oxidative stress-induced mucosal damage in vitro and it may have
clinical therapeutic benefits in vivo [28]. HA is an essential
constituent of connective tissues, and the most important
glycosaminoglycan produced by fibroblasts during wound healing
[29]. Importantly, HA is naturally biocompatible, biodegradable,
non-immunogenic, and the salt form (sodium hyaluronate, SH), is
currently widely used in clinical practice to accelerate skin wound
repair [30]. Treatment for oral mucositis with HA has been
proposed [31] and pertinently a gel based on sodium hyaluronate
(SH) has received ethical approval by the FDA as a Class 1 medical
device for OM-associated pain [32]. Several other HA-based
compounds have also been reported to be useful in accelerated
healing and pain management in clinical trials [19, 31, 33],
however definitive evidence for the efficacy of HA in preventing
alimentary tract mucositis is still lacking. Furthermore, the
mechanisms underlying HA’s ability to prevent, mitigate, or treat
mucositis are yet to be fully elucidated [28, 31, 34].
In the present study, we used a pre-clinical murine model of 5-

FU-induced oral and intestinal mucositis (OIM) to investigate the
clinical, histological, and molecular effects of orally administered
high molecular weight hyaluronic acid (H-MW-HA) in the
prevention of chemotherapy-induced mucositis in mice. Our
findings have clinical ramifications and support the development
of H-MW-HA preparations for preventing OIM in patients.

RESULTS
HA constituents protect human oral keratinocytes against
H2O2-induced cytotoxicity
Exogenous treatment of the immortalized normal human oral
keratinocyte cell line (OKF6) [35], with H2O2 inhibited cell
proliferation. IC50 was reached after 24 h of exposure to 400 μM
of H2O2 (Supplementary Fig. S1). Conversely, none of the HA
constituents tested (Mucosamin®, H-MW-HA, xl-HA 5/5, xl-HA 30/
30, and xl-HA 100/100) exerted cytotoxic effects on OKF6 cells.
Apart from Mucosamin®, all other HA constituents promoted OKF6
cell proliferation compared to the control group (Supplementary
Fig. S2A–C). All HA constituents significantly counterbalanced the
oxidative stress-induced cytotoxicity in OKF6 cells at all tested
concentrations (Supplementary Fig. S2A, Supplementary Table S1).
When tested at varying concentrations, both Mucosamin® (1% and
5% v/v) and H-MW-HA (0.01% and 0.05% w/v) significantly
decreased H2O2-induced cytotoxicity in OKF6 cells (Supplemen-
tary Fig. S2B and C), with the most marked protective effects
observed with H-MW-HA treatment. H-MW-HA constituent (0.01%
w/v, and 0.05% w/v) was therefore chosen for further experiments
investigating H2O2-mediated ROS production in immortalized
normal human oral keratinocytes.

H-MW-HA protects human oral keratinocytes against H2O2-
induced ROS production
We next monitored changes in the intracellular redox state by
introducing a fluorescent dye probe in OKF6 cells, based on the
redox-active green fluorescent (5-(and-6)-chloromethyl-2',7'-dichlor-
odihydrofluorescein diacetate (CM-H2DCFDA). Upon exposure to H-
MW-HA either in the presence or absence of H2O2-induced oxidative
stress, ROS production was monitored over a 6-h period. While H-
MW-HA (0.01% w/v and 0.05% w/v) did not exert any significant
effect (Supplementary Fig. S3), the addition of H2O2 resulted in a
rapid increase in ROS levels in all experimental groups (Supplemen-
tary Fig. S3). A significant reduction in ROS levels in the H-MW-HA
(0.05% w/v) + H2O2 (400 μM) group compared to the H2O2 (400 μM)
treated group commenced as early as 30min and continued during
over the 6-hour monitoring period (Supplementary Fig. S3). Our data
also showed that ROS production in the H2O2 treated group
plateaued at two time points (0.5–1 and 3–4.5 h post treatment;
Supplementary Fig. S3). H-MW-HA at both concentrations (0.01% w/
v and 0.05% w/v) significantly reduced (p < 0.001) ROS levels of
production (Supplementary Table S2). Therefore, the reduction in
the H2O2-induced ROS production levels in OKF6 cells treated with
0.01% w/v and 0.05% w/v H-MW-HA could be attributed to the
protective effect of the HA.

H-MW-HA improves survival of 5-FU treated mice
Subsequently, H-MW-HA was tested in our dual murine model of
OIM. Mice were divided into four groups, namely “A” (control), “B”
(H-MW-HA), “C” (5-FU), and “D” (H-MW-HA+ 5-FU) (Supplementary
Fig. S4). Maximal body weight (BW) loss in groups C and D were
observed on day 16 after 5-FU induction (p < 0.05) (Fig. 1A). By day
19, significant differences between group C (5-FU) and groups A
(control) and B (H-MW-HA) (p < 0.05, Supplementary Table S3)
were observed. Mice treated with H-MW-HA+ 5-FU (group D) also
exhibited a trend of reduced body weight loss (Fig. 1A). Since
weight loss in excess of 20% was deemed unethical, death/drop
out was recorded as those mice with >20% weight loss [36].
Mortality (death or weight loss over 20%, Fig. 1B) in the 5-FU
treated group (44%) was significantly higher (p= 0.03) than that
of the H-MW-HA+ 5-FU group (22.2%). In summary, H-MW-HA
treatment of mice receiving 5-FU (group D) did not significantly
improve weight loss but significantly improved overall survival,
compared to those animals receiving 5-FU alone (group C).

H-MW-HA ablates chemotherapy-induced diarrhea
Control (A) and H-HM-W only (B) treated groups exhibited no
obvious diarrheal symptoms during the entire experiment period
(Fig. 1C). Group C, treated with 5-FU alone developed diarrhea
from day 9, peaking at day 13 of 5-FU treatment (Fig. 1C, D).
Overall, diarrhea developed in 72.2% of mice in the 5-FU treated
group (group C), which was dramatically reduced to 5.6% with H-
MW-HA supplementation (0.01% w/v, group D, Supplementary
Table S4). Group D (H-MW-HA+ 5-FU) also displayed a less severe
and transient pattern of diarrhea from day 11, which resolved
within 24 h (Fig. 1C, E). Stool consistency score was significantly
reduced (p < 0.001) in the 5-FU treated group also receiving H-
MW-HA (group D) on days 12, 13, and 14, compared to 5-FU alone,
to levels similar to those of the control (A) and H-HM-W (B) treated
groups (Fig. 1C). A chi-square test of independence was
performed to examine the correlation between the treatments
(5-FU, and H-MW-HA) and the development of diarrhea (present/
absent) in our treated groups. We found a significant association
between the presence of diarrhea and 5-FU treatment (chi-square
test; χ2 (1)= 16.831, p= 0.00004, Cramer’s V= 0.684, implying a
relationship between diarrhea status and 5-FU treatment. In
summary, mice from the 5-FU group (C) had a higher risk of
developing diarrhea compared to control group (A), while H-MW-
HA treatment significantly reduced the occurrence of 5-FU-
induced diarrhea.
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H-MW-HA significantly reduces intestinal damage in 5-FU
treated mice
Assessment of mucositis severity was also performed by
histopathological scoring of H&E stained jejunum, (Fig. 2A, B) in
5-FU and control-treated mice. Both control and H-MW-HA only
treated groups (groups A and B) showed no histopathological
changes during the time-course (clear intestinal mucosa, intact
epithelium, tall and columnar epithelial cells, villi aligned, crypts
intact, Fig. 2C, groups A and B). In contrast, 5-FU treatment
resulted in a marked reduction in the integrity and architecture of
intestinal mucosa and severe pathology, including epithelial
atrophy, villus length reduction, and thinning of the lamina
propria with inflammatory cell infiltration (Fig. 2C, group C).
Strikingly, these histopathological features were reduced with the
addition of H-MW-HA to levels observed in the control groups (Fig.
2C, group D).
As a further marker of intestinal integrity, we measured villus

length, thickness of tunica mucosa, and crypt depth (Fig. 2D).
Villus length (Fig. 3A, B) was significantly decreased in the
jejunum of the 5-FU treated mice (group C, 310.35 ± 14.02 µm)
compared to the control and H-MW-HA alone treated groups

(groups A and B, 511.92 ± 49.73 µm, and 500.66 ± 25.93 µm;
respectively, p < 0.0001, Fig. 3A, Supplementary Table S5). Villus
length in the 5-FU+ H-MW-HA treatment group (group D) was
less significantly impacted compared to the 5-FU group
(434.44 ± 63.11 µm; p < 0.0001) with abundant preservation of
normal villus architecture (Fig. 3A).
Further morphometric analyses of H&E stained jejunum

performed by measuring the thickness of the tunica mucosa
and crypt depth revealed a significant reduction in the thickness
of the intestinal tunica mucosa in the 5-FU group (C) compared to
the control and H-MW-HA alone treated groups (A and B) between
day 14 and 19 (Fig. 3C) and on days 14, 16 and 19 (Fig. 3D). In
contrast, H-MW-HA supplementation to the 5-FU treated mice in
group (D), significantly alleviated the severity of tunica mucosa
thickness loss compared to the 5-FU group (C) on days 14, 16 and
19 (Fig. 3C, D). H-MW-HA treatment of 5-FU treated mice (group D)
did not affect the crypt depth (Fig. 3E, F, Supplementary Table S5).
In conclusion, our jejunum morphometric analyses demon-

strated that 5-FU administration instigated severe intestinal
mucosal damage, which was dramatically reduced by co-
treatment with H-MW-HA.

Fig. 1 The effects of high molecular weight hyaluronic acid (H-MW-HA) on body weight rate, survival, and diarrhea induced by
5-flurouracil (5-FU) in mice. A Changes in body weight observed in mice over time during HA administration while on 5-FU; Body weight of
mice was measured every 24–48 h. The percentage of body weight of every mouse was calculated and compared with the percent of body
weight at day 0. The mean body weight of every group (A, B, C, and D) at day-0 was defined as 100%. Mean ± SEM are showed. *p < .05 vs
control group; **p < 0.05 vs 5-FU; ***p < 0.05 vs 5-FU+ H-MW-HA. B Time-course of survival during 5-FU treatment. Mean ± SEM are showed.
C Diarrhea score. Score: 0, no diarrhea; 1, mild diarrhea; 2, moderate diarrhea; 3, severe diarrhea. The data shown are means ± SEM.
D Incidence (%) and severity of diarrhea following 5-FU treatment. E Incidence (%) and severity of diarrhea following H-MW-HA administration
in 5-FU treated mice. Administration of H-MW-HA in drinking water significantly ameliorated chemotherapy‑induced diarrhea. The occurrence
of severe and moderate diarrhea was prevented in mice treated with H-MW-HA before, during, and after 5-FU regimen. ***p < 0.001 versus
control, H-MW-HA, and 5-FU+ H-MW-HA group. (n= 12, 12, 18, and 18 for groups A, B, C, and D, respectively). Group A; Saline (normal
control); Group B; H-MW-HA (treatment only); Group C; 5-FU (positive control); Group D; 5-FU+ H-MW-HA.
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H-MW-HA decreases severity and duration of chemotherapy-
induced oral mucositis in mice
In order to assess the potential protective effects of HA against
chemotherapy-induced oral mucositis (CIOM), the murine oral
cavity (groups A–D; Supplementary Fig. S5A) were visually
assessed using specialized tailored oral cavity diagnostic tools
(Supplementary Fig. S5B and B) and an incremental scoring
system (Supplementary Table S6) adopted from a previous study
[37]. We found that i.v. administration of 5-FU induced develop-
ment of OM in the 5-FU and H-MW-HA+ 5-FU treated groups
(groups C and D), whereas control and H-MW-HA groups (groups
A, and B) did not develop disease (Fig. 4A–C). From day 8 of 5-FU
exposure, mucositis in the 5-FU only treatment group (group C)
continued to increase in severity, reaching peaks at days 14 and
17 (Fig. 4B). At termination of the study, group C had an OM score
of 0.75 ± 0.47 (Fig. 4B), in contrast, mice receiving H-MW-HA+ 5-
FU (group D), had a significantly lower OM score on days-10, 12,
13, and 14 (Fig. 4B, C p < 0.01 and p < 0.001 respectively). From day
14, the H-MW-HA+ 5-FU (group D) OM began to decrease and by
day 17, the mucosa of the remaining mice was completely healed
(Fig. 4B).
To explore the clinical signs of mucositis more thoroughly in our

murine model, we conducted the first in-depth chemotherapy-
induced ulceration assessment. We found that OM ulceration was
localized mainly to the tongue dorsolateral and ventral surfaces
(Fig. 5A). Positive areas of oral ulcerative mucositis were revealed
by toluidine blue (TB, deep blue coloration) (Fig. 5A, white arrows),
which corresponded to erosive/ulcerative lesions with extremely
atrophic or absent epithelium (Fig. 5B, group C). TB-stained
tongue CIOM ulceration was present in 85.71% of animals in the

5-FU only treated group (C) but only 68.75% of mice also treated
with H-MW-HA (group D). Importantly, a strong association
between CIOM ulcer status (present/absent) and 5-FU treatment
was observed; χ2 (3)= 32.93, p < 0.0001, Cramer’s V= 0.781.
Quantitative analysis of the dorsal and ventral tongue surfaces
(Fig. 5C) showed that 5-FU treated animals had a significantly
larger ulcer mean size epithelial surface percentage at day-14, and
day 16 (Fig. 5D). At this timepoint, the CIOM ulcer size percentage
compared to the total epithelialized upper surface of the tongue
was also the highest in the 5-FU only treated mice (group C,
2.34 ± 0.45 % Fig. 5E) and significantly elevated (p < 0.005)
compared to all other treatment groups (groups A, B, and D,
Fig. 5E). H-MW-HA supplementation to the 5-FU treated mice in
group (D), significantly alleviated the severity of CIOM and
reduced the ulcer size compared to the 5-FU treated mice (Fig.
5D, E). The total mean size percentage of CIOM ulcer, relative to
the total epithelialized surface of the tongue between days 14 and
19 for animals treated with H-MW-HA+ 5-FU (group D) was
significantly (p < 0.005) lower than the ulcer percentage for those
treated with 5-FU alone (group C, Fig. 5F). These results provide
the first demonstration that H-MW-HA can mitigate CIOM by
decreasing both disease severity and duration.

H-MW-HA significantly reduces oral mucosal damage in the
tongue of 5-FU-treated mice
Analysis of H&E sections on days 14, 16, and 19 showed that
between days 14 and 19, the normal tongue pathology (Fig. 6A) in
both control (group A) and H-MW-HA (group B) treated groups
was preserved with no visible lesions (Fig. 6B, groups A, and B). In
contrast 5-FU administration caused epithelial atrophy (Fig. 6B,

Fig. 2 Effect of H-MW-HA on the 5-FU-induced intestinal mucosa damage. Histological changes in the intestinal villi were determined using
H&E staining. A Representative microphotograph showing the histologic section of a transversely cut intestinal segment of the control animal.
B Representative microphotograph showing the histologic section of a longitudinally cut intestinal segment of a control animal. The tunica
propria forms the core of the villi and consists of connective tissue, elastic and reticular fibers and lymphoid cells, below which extends the
muscular mucosa consisting of smooth muscle cells. Beneath the mucosa lies the tunica submucosa, a layer of loose to dense connective
tissue containing blood and lymphatic vessels. Tunica muscularis is the outer covering layer of the intestine and consists of two thick layers of
smooth muscle. Structural landmarks: Villi (V), Crypts (C), lamina propria (LP), Tunica muscularis (TM). C Representative microphotograph
showing histological appearances of the intestinal mucosa of control (A), H-MW-HA-treated (B), 5-FU-treated (C), and H-MW-HA+ 5-FU-treated
(D) mice. Compared with control mice, the innermost layer was largely destroyed in 5-FU treated mice (C), and the epithelial thickness was
reduced (epithelial atrophy), with the villi length shortening and thinning of lamina propria (black arrows) with inflammatory cell infiltration.
The same histological aspects were confirmed in multiple Control (A), H-MW-HA-treated (B), 5-FU-treated (C), and H-MW-HA+ 5-FU-treated (D)
group. D Intestinal thickness measurements; 1, villus length (yellow line); 2, tunica mucosa thickness (black line); 3, crypt depth (blue line).
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groups C, and D), reflected by a significant reduction (p < 0.001) in
epithelial thickness (yellow double-headed arrows) compared to
the control groups (groups A and B, Fig. 6C). In addition, 5-FU
treatment also affected the structural integrity of the dorsal
mucosa, resulting in complete destruction of the filiform papillae,
a change in appearance of the uniform keratinized layer to a
desquamative appearance (Fig. 6B, group C), and severe changes
consistent with ulceration of the tongue mucosa (Fig. 6D).
Importantly, H-MW-HA supplementation protected the tongue
epithelium from 5-FU-induced damage (Fig. 6B, group D).
Strikingly, epithelia integrity was preserved to the degree
observed in the control groups (groups A, and B, Fig. 6C, E) with
filiform papillae also more frequently intact (Fig. 6B, group D).
Accordingly, marked differences were found in the total epithelial
thickness of the tongue mucosa between day-14 and day-19 for
mice exposed to 5-FU compared to those co-treated with H-MW-
HA (group D, Fig. 6C, E). In conclusion, 5-FU induced severe
histological tongue damage which was normalised by co-
treatment with H-MW-HA.

H-MW-HA reduces 5-FU-induced apoptosis in the oral and
intestinal mucosa
At a molecular level, mucositis initiation induces DNA strands
breaks leading to the activation of executioner caspases and
mucosal atrophy associated with apoptotic changes [38].

Therefore, we assessed activated caspase-3 activity on day 16.
Administration of 5-FU resulted in a more than twofold increase
(p < 0.005) in the number of cleaved caspase-3 positive cells in
tongue mucosa and intestinal crypts on day 16 (Fig. 7A, B, arrow
heads) compared to control animals. Administration of H-MW-HA
(0.01% w/v) to 5-FU treated mice (group D) significantly
suppressed the activation of caspase-3 in both tongue mucosa
and intestinal crypt to the levels of control animals (Fig. 7A, B,
inhibition reduction of 49.8% and 68.61% for tongue mucosa and
intestine, respectively). Consistent with the significant reduction in
tongue mucosal epithelial thickness (Fig. 6C, E), epithelial cell
apoptosis was also significantly elevated with 5-FU administration,
as demonstrated by a marked elevation in cleaved caspase-3- and
TUNEL-positive apoptotic cells in tongue mucosa on day 16 (Fig.
7A, C, arrow heads). Once again, daily administration of H-MW-HA
(0.01% w/v) to 5-FU treated mice (group D) significantly reduced
(p < 0.005) the incidence of apoptotic cells to a level similar to that
of the control groups (groups A, B) (Fig. 7C).

H-MW-HA supplementation decreases 5-FU-induced
inflammatory mediators and increases anti-oxidant defense
Aligned with the oral mucosal erythema, erosions, and ulcerations
in 5-FU treated mice (group C), the present study demonstrates
that expression of Cyclooxygenase-2 (COX-2), a key inducible
enzyme upregulated by inflammatory stimuli, was upregulated in

Fig. 3 H-MW-HA reduced intestinal damage in 5-FU treated mice. A Total villi length (average) of the mice jejunum between Day-14 and
Day-19. B The average villi length of the jejunum at each time point. C Total thickness of tunica mucosa (average) of the mice jejunum
between Day-14 and Day-19 D The average tunica mucosa thickness of the jejunum at each timepoint. E Total crypt depth (average) of the
mice jejunum between Day-14 and Day-19. F The average crypt depth of the jejunum at each timepoint. Data represented as mean ± SD.
*p < 0.05. **p < 0.005. ***p < 0.001; n= 9 mice/group, 3 mice/group/timepoint, and 12 representative measurement/tissue.
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the oral and intestinal mucosa of mice treated with 5-FU (Fig. 8).
Specifically, within the tongue mucosa of 5-FU treated mice
(group C), immunoreactivity of COX-2 enzyme increased signifi-
cantly (p < 0.001) when compared to control groups (A and B; Fig.
8A, B). Moreover, the observed elevation in COX-2 immunor-
eactivity induced by 5-FU on the oral mucosa was reversed
(p < 0.001) with H-MW-HA 0.01% w/v, (Fig.8A, B). Similarly, in the
jejunum, the 5-FU treated group (C) also showed significantly
increased COX-2 immunoreactivity (23.26 ± 5.78%, p < 0.05), com-
pared to control animals (12.16 ± 1.48%, and 14.35 ± 0.33 % in
groups A and B, respectively). Treatment with 0.01 % w/v H-MW-
HA significantly decreased COX-2 immunoreactivity (p < 0.05,
compared to the 5-FU treated group, D) to a similar level of
control treated groups (A and B) (12.57 ± 5.06%, (Fig. 8D, E).
In addition to changes in defined organs, we also found

systemic change associated with the 5-FU treatment (group C),
reflected as an elevation in serum expression of pro-inflammatory
mediators, including IL-6 and CXCL1/KC. Compared to control and
H-MW-HA treated mice (group A and B) the 5-FU (Group C) only
treated mice had elevated levels of IL-6 and CXCL1/KC (Fig. 9A–F).
Pertinently, elevated levels of the cytokine IL-6 and the
chemokine CXCL1 are also associated with oral mucositis in
humans [11, 37, 39]. In particular, day 14 of i.v. 5-FU treatment
was associated with a significant increase in serum levels of IL-6
and CXCL1/KC (Fig. 9A, D), which remained elevated until

experimental endpoint (day 19, Fig. 9A–F). Interestingly, higher
serum levels of the anti-inflammatory cytokine IL-13, which linked
to significantly elevated levels in intestinal mucositis in mice [40],
was also observed on day 16 in 5-FU treated mice (group C, Fig.
9G–I). Administration of H-MW-HA (0.01% w/v) significantly
attenuated the upregulation of both IL-6 and CXCL1/KC serum
levels induced by 5-FU (group D), but not IL-13, indicating that
the H-MW-HA exerted an anti-inflammatory effect (Fig. 9A–I). In
addition, serum SOD enzyme activity, a key anti-oxidant [41], was
measured at days 14, 16, and 19 (Fig. 9J). Control group mice
(group A) exhibited a low basal level of serum SOD activity, which
was not significantly different from either the H-MW-HA (group B)
or 5-FU alone (group C) treated mice. However, mice treated with
H-MW-HA+ 5-FU (group D) showed significantly higher levels of
serum SOD enzyme activity on all days tested compared to the
control and 5-FU treated mice (group A and D) (p < 0.05 and
p < 0.005, respectively; Fig. 9J). Total serum SOD activity between
days 14 and 19 for animals treated with 5-FU+ H-MW-HA (group
D) was also significantly higher compared with those in control
(group A), H-MW-HA only (group B), or 5-FU only (group C) groups
(Fig. 9K).
Our data indicate that H-MW-HA 0.01% w/v exhibited anti-

apoptotic, anti-inflammatory and antioxidant effects against 5-FU-
induced oxidative damage and provide a possible mechanism for
the H-MW-HA mediated reduction in OIM.

Fig. 4 Effect of H-MW-HA on oral mucositis scores in 5-FU treated mice. Oral mucositis (OM) was scored on a six-point scale as described in
methods. A Representative photographs represent oral mucosa of the mice showing diffuse erythema on the anterodorsal surface of the
tongue in treated mice after TB staining showing the epithelium ulceration (in blue) at the dorsal surface of the tongue. Yellow arrows show
areas of erythema, erosion, and ulceration. B Comparative mucositis scores. Data are the mean ± SEM. *p < 0.01 versus control (A) and H-MW-
HA (B) groups; **p < 0.01 versus control (A), H-MW-HA (B), and H-MW-HA+ 5-FU (D) groups; #p < 0.01 versus 5-FU group; ##p < 0.01 versus
control (A), H-MW-HA (B), and 5-FU (C) groups (Tukey’s post hoc test). (C) Mean value of the total score of oral mucositis between day-0 and
day-19 for each group. Data are the mean ± SEM. *p= 0.0191; ***p < 0.0001 (Tukey’s post hoc test).
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DISCUSSION
The present study has clearly demonstrated that H-MW-HA
treatment dramatically reduced the clinical, histological and
molecular effects of 5-FU in the oral and intestinal mucosa. In
particular, H-MW-HA supplementation was associated with anti-
apoptotic, antioxidant and anti-inflammatory effects in a pre-
clinical model of 5-FU-induced OIM.
Oral and gastrointestinal mucositis are debilitating adverse

effects observed in nearly all cancer patients undergoing

chemotherapy [2, 3, 42–46]. Importantly, since they also share
common underlying mechanisms, similar treatment strategies
may be applicable. In the present study i.v. administration of 5-FU
in mice resulted in ulcerative oral mucositis, moderate diarrhea,
bodyweight loss, and damaged intestinal mucosa, mimicking the
clinical scenario observed in patients, particularly, after che-
motherapy treatment regimens [25, 47]. With these considerations
in mind, our pre-clinical animal model of chemotherapy-induced
oral and intestinal mucositis (CIOIM) [36] represents a significant

Fig. 5 Effect of H-MW-HA on chemotherapy-induced oral mucositis (CIOM) ulcer size percentage in 5-FU-treated mice. Animals were
sacrificed at different time points, and their tongues were collected for analysis. The harvested tongues were stained with 1% toluidine blue
(TB) in 10% acetic acid. After imaging the tongues, the ulcer size and the total epithelialized upper surface area of the tongue were measured
for all experimental groups (A–D). A Representative photographs showing the tongues of mice after staining with 1% toluidine blue (TB) in
10% acetic acid. The blue areas indicate CIOM ulcers at different surfaces of the tongue (white arrows). B Histological sections of the tongues
stained with H&E in each experimental group. The black arrows indicate areas of erosion. C Representative photograph of a TB-stained tongue
surface, highlighting the ulcerated epithelium (blue) on the upper surface of the tongue. For quantification, the ulcer size percentage of
chemotherapy-induced oral mucositis (CIOM) relative to the total epithelialized surface of the tongue was measured using Fiji (ImageJ)
software. The ulcer size percentage was calculated as the TB-positive surface area of the tongue (excluding excision trauma) divided by the
total epithelialized surface area of the tongue. The numbered areas indicate the selected measured surface areas. D Mean percentage of oral
mucositis (OM) ulcer size relative to the total epithelialized surface of the tongue at days 14, 16, and 19. E Mean percentage of OM ulcer size
relative to the total epithelialized upper surface of the tongue on day 14. F Total mean percentage of OM ulcer size relative to the total
epithelialized surface of the tongue between days 14 and 19. Data from days 14, 16, and 19 presented as the mean ± SEM. **p < 0.005 (n = 12,
12, 15, and 16 for groups A, B, C, and D, respectively).
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improvement over previous mucositis models [37, 48] and was
suitable for assessing the efficacy of a novel intervention for the
prevention of chemotherapy-induced mucosal injury of the
alimentary tract in vivo.
In the present study, 5-FU-induced mucosal damage in C57BL/6

mice was significantly ameliorated or abrogated by H-MW-HA co-
treatment at both clinical, histological and molecular levels.
Clinically, daily administration of H-MW-HA delayed the onset
and ameliorated the duration and severity of 5-FU-induced
diarrhea. In addition, animals receiving H-MW-HA showed
improved survival rates compared to mice receiving 5-FU alone.
However, the survival rate of mice beyond 14 days was low when
treated with i.v. 5-FU (50mg/kg/day). This was likely be due to
severe intestinal mucositis resulting in irreversible weight loss and
mice dehydration [49]. Moreover, a significant improvement in
CIOIM animal survival was evident when mice were additionally
treated with H-MW-HA.
In terms of oral disease, i.v. administration of 5-FU triggered a

diffuse erythema and/or ulceration on the dorsal and ventral
surface of the tongue. H-MW-HA significantly limited OM in the
5-FU treated mice and reduced the CIOM ulcer size, resulting in
a dramatic improvement in OM. Ultimately, significantly fewer
5-FU treated mice co-treated with H-MW-HA developed oral
mucosal ulcers in addition to a significant decrease in mucositis
scores.

Histologically, 5-FU treated mice showed a reduction in
epithelial thickness and a distortion in the structural integrity of
the dorsal tongue mucosa, with filiform papillae completely
effaced and the keratinized layer reduced or absent. Intestinal
histological damage was also observed after 5-FU administration,
resulting in major histological damage; shortening of villi length,
distortion of crypts, excessive inflammatory cell infiltration and
intestinal mucosa cellular damage. Typically, following the
generation of ROS, the activation of NF-κB results in an
upregulation of proinflammatory cytokines, including IL-6 as well
as COX2. Our findings are consistent with these observations and
with previous human studies [2, 3, 9, 45] in which epithelial
damage and inflammatory cell infiltration in the mucosa during
the inflammatory stage of mucositis have been reported. In the
murine model of 5-FU-induced oral mucositis, Bertolini et al. [37]
observed macroscopic/microscopic lesions and elevated proin-
flammatory cytokine activity such as, NF-κB, IL-1B, TNFα, CXCL1/
KC, GM-CSF, and IL-6, with neutrophil infiltration. Other pre-clinical
studies have also shown intestinal villous atrophy post 5-FU
treatment [50]. In a mouse model of intestinal mucositis [51],
intestinal injury was accompanied by decreased epithelial cell
proliferation, resulting in a blunting of villus height, crypt
distortion with increased crypt cell apoptosis and abundant
inflammatory cell infiltration [51, 52]. This in turn resulting in
impaired function, which were also observed in the present study.

Fig. 6 Effect of H-MW-HA on the 5-FU-induced tongue mucosa damage. Histological changes in the tongue were determined using H&E
staining. A Representative microphotograph showing the histologic section of the base of the tongue of the control animal. Basal cells are just
above the basement membrane and more superficially is the succeeding prickle, granular, and squamous layers. The basement membrane is a
thin mat of the extracellular matrix that separates epithelial sheets from connective tissue. Underlying stroma is composed of connective
tissue that contains muscle fibers, blood vessels, and nerves, fibroblasts and can include minor salivary glands. Structural landmarks: filiform
papillae (FIP), stratified squamous keratinized epithelium (SSE), basement membrane (BM), lamina propria (LP), and muscle fibers (MF).
B Representative microphotograph showing histological appearances of the tongue mucosa of control (group A), H-MW-HA (group B), 5-FU
(group C), and 5-FU+H-MW-HA (group D)-treated mice. Compared with control mice, the superficial regions were largely destroyed in 5-FU
treated mice (C), and the epithelial thickness was reduced (epithelial atrophy), with the filiform papilla being entirely damaged (black arrows),
and the connective tissue showed a marked increase in infiltrating cells as a sign of the inflammatory response. C The average epithelial
thickness of the dorsal tongue at each time point (27 representative measurement/tissue (three representative mice/group). Data represented
as mean ± SD. *p < 0.05. **p < 0.005. ***p < 0.001. D Representative microphotograph showing ulcerative lesions (arrows head) covered by a
thin layer of necrotic fibrinoid material at the base and margins (black arrows) with regions containing of inflammatory cells and active
granulation tissue (yellow arrows). E The total epithelial thickness of the dorsal tongue between Day-14 and Day-19; each dot is the average of
27 representative measurements/tissue. Data represented as mean ± SD. *p < 0.05. **p < 0.005. ***p < 0.001.
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Importantly, our data demonstrates that these types of injury to
the tongue and intestine induced by 5-FU were ameliorated by co-
administration of H-MW-HA. Notably, tongue epithelial thickness
and jejunum villi length recovered spontaneously and without an
inflammatory cell infiltrate. Importantly, the results of this study
suggest novel protective effects of H-MW-HA for attenuation of 5-
FU-induced OIM. These data are invaluable for future assessment
of the influence of H-MW-HA in 5-FU tumor models and ultimately
of clinical relevance. However, treatment with H-MW-HA would be
unjustified if it caused the growth of tumor cells or inhibited the
antineoplastic effects of CT. This concern was diminished in a
mouse model of ovarian carcinogenesis. Instead, SN-38, the active
metabolite of irinotecan (CPT 11), conjugation to HA significantly
improved the profile of in vivo tolerability and enhanced
therapeutic efficacy for ovarian cancer treatment, demonstrating
tumor suppressor property as was observed by Montagner et al.
[53]. Further studies have also reported that HA derivatives and
different types of HA-paclitaxel conjugates have potential
synergistic antitumor effects [54–58]. Furthermore, combinations
of antioxidants have been shown to have greater potential
synergistic anticancer effects in vivo [59]. However, whether this
mechanism is occurring in the combination treatment of 5-FU and
H-MW-HA needs further investigation.
Molecularly, it is well-established that oxidative stress,

inflammation, and apoptosis are major contributors to the
development of mucositis induced by 5-FU treatment
[26, 27, 60, 61]. We have demonstrated that the protective
effects of H-MW-HA correlated with a significant reduction in

mucosal apoptotic cells and COX-2 expression. Elevated levels of
the cytokine IL-6 and the chemokine CXCL1, which are also
associated with oral mucositis in humans [11, 37, 39], were
found in the murine model after 5-FU treatment and were
normalized by H-MW-HA. Interestingly, overexpression of the
anti-inflammatory cytokine IL-13, which is known to be
significantly elevated in intestinal mucositis [40], was also
observed in 5-FU treated mice but was not affected by H-MW-
HA treatment. This suggests that H-MW-HA supplementation is
particularly efficacious in OM but could be less specific for
intestinal inflammation. Finally, superoxide dismutase (SOD),
which prevents hydroxyl radicals formation [41], was shown to
be significantly elevated in animals treated with both 5-FU and
H-MW-HA. We therefore concluded that the protective effect of
the H-MW-HA on 5-FU-induced damage may be at least partially
attributed to its influence on this antioxidant enzyme activity.
To our knowledge, this is the first study to evaluate the effects

of administration of H-MW-HA on the inflammatory, apoptotic and
functional aspects of 5-FU-induced OIM. These results provide an
experimental rationale to develop a novel HA-derived treatment
as a therapeutic agent to protect against apoptotic toxicity
associated with anticancer therapy. The use of HA alone or in
combination with anticancer agents (5-fluorouracil, doxorubicin,
methotrexate, imatinib, gemcitabine, cisplatin, etc.) could be a
promising novel pathway for antitumor therapeutics [62–66].
These observations also allow us to speculate that H-MW-HA may
not influence the antitumor effect of 5-FU, but this remains to
tested in further studies.

Fig. 7 Effect of H-MW-HA on apoptosis and cleaved caspase-3 activation in the oral and intestinal mucosa induced by 5-fluorouracil (5-
FU). 5-FU was injected i.v. while H-MW-HA treatment (0.01%w/v) was daily administered orally in the drinking water as described in the
method. Mice were sacrificed at day 16. The tongue and jejunum were excised, and sectioned. A Cleaved-caspases-3 immunostaining of
tongue, B cleaved-caspases-3 immunostaining of intestinal tissue, C TUNEL stain of tongue tissue were performed (images at magnification
20X; scale bar represents 50 μm and apply to all panels). Black arrow heads point to the positive cell staining. The number of apoptotic cells in
tongue mucosa (A, three different transverse sections/tongue mucosa, three representative mice/group), caspase-3-activated cells in tongue
mucosa (B, six random fields of tongue mucosa/tongue section, three different transverse sections/tongue, three representative mice/group),
and caspase-3-activated cells in intestinal mucosa (C, twelve full villus/section, four sections/mice intestine, three representative mice/group)
were counted. Data are presented as the means ± SD. where, **p < 0.005, and ***p < 0.001.
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CONCLUSION
The present work provides unequivocal evidence that H-MW-HA can
both prevent and reverse murine tongue and small intestine 5-FU-
induced damage. H-MW-HA co-treatment resulted in recovery of
jejunum villus length, and tongue epithelial thickness by suppres-
sing both oxidative stress and apoptosis resulting in a reduction of
inflammatory mediators. Based on these findings, we conclude that
H-MW-HA can efficiently ameliorate 5-FU-induced OIM.

MATERIALS AND METHODS
Cell line and culture conditions
To evaluate the protective effects of HA derivatives in an oxidative stress-
induced model of oral mucosal injury in vitro, immortalized normal human
oral keratinocytes (OKF6) cultures were used as a cellular model of oral
mucosa. OKF6 [35] is a benign human oral keratinocyte cell line which
expresses hTERT and bypasses a p16INK4a cell cycle control mechanism and
derived from the floor of the mouth, provided by Oral Health Cooperative
Research Centre (OHCRC), The University of Melbourne, Australia (under-
went karyotype analysis prior to experimentation,VCGS Cytogenetics
Laboratory, Royal Children’s Hospital, Parkville, VIC). Cells were cultured
as discribed elswhere [67]. Briefly, OKF6 cells were cultured as adherent
cultures in 100-mm tissue culture-treated plates and grown in keratinocyte

serum-free medium (K-SFM) (#17005-042, Thermo Fisher Scientific)
supplemented with 25 μg/mL pituitary bovine extract (PBE), 0.2 ng/mL
epidermal growth factor (EGF), 1% (v/v) Newborn Calf Serum (NCS)
(#N4637, Sigma-Aldrich), 100 IU/ml penicillin, and 100 μg/ml streptomycin
(#P4333, Sigma-Aldrich, Castle Hill, NSW, Australia), and containing 0.4 mM
calcium chloride CaCl2. Cells were grown in a humidified atmosphere at
standard conditions (5% CO2 at 37 °C).

HA constituents
The tested compounds included; Mucosamin® spray (Errekappa Euroter-
apici Spa, Milan, Italy) a commercially available adjuvant gel composed of
1.33% (w/v) HA with a molecular mass of 600–800 kDa, not crosslinked, in
combination with a pool of collagen precursor synthetic amino acids,
namely L-proline (0.75% w/v), L-leucine (0.15% w/v), L-lysine (0.1% w/v),
and glycine (1% w/v); A Natural non-sulphated high molecular weight
hyaluronic acid (H-MW-HA) powder (Hyaluronic acid sodium salt derived
from Streptococcus equi), non-crosslinked with a molecular weight of
~1.5–1.8 × 10E6 Da, (Cat#53747, Sigma-Aldrich); and three cross-linked (xl-)
HA-derivative powders (xl-HA (5/5); EDC/HOBT 5/5mmol/mL, xl-HA (30/30);
EDC/HOBT 30/30mmol/mL, and xl-HA (100/100); EDC/HOBT, 100/
100mmol/mL). Crosslinked HA derivatives were kindly provided by Dr
Annalisa La Gatta (Department Experimental Medicine, Section of
Biotechnology, Medical Histology and Molecular Biology, School of
Medicine, University of Campania "Luigi Vanvitelli", Naples, Italy).

Fig. 8 The effect of H-MW-HA on COX-2 expression in mice oral and intestinal mucosa. Immunohistochemical analysis for COX-2
expression. Mice received 5-FU intravenously (IV) with or without daily treatment of H-MW-HA (0.01%w/v) in the drinking water as described
in the method. Mice were sacrificed at day 16. The jejunum were excised, and sectioned. COX-2 immunostaining of tongue and intestinal
tissue were performed and COX-2 immunolabelled cells in tongue and intestinal mucosa were counted. For tongue mucosa: six random fields
of tongue mucosa/tongue section, three different transverse sections/tongue, three representative mice/group. For intestine: twelve full villus
per section, four intestinal sections per mice, three representative mice per group. A Representative microphotograph showing
immunohistochemistry staining for COX-2 in Tongue mucosa of C57BL/6 mice (images at magnification X20). COX-2 positive cells were
detected in the epithelial and lamina propria area (black arrowheads; bar indicates 50 μm). B A number of cells immunolabelled for COX-2.
C Representative microphotograph showing immunohistochemistry staining for COX-2 in small intestine of C57BL/6 mice (images at
magnification X20). COX-2 positive cells were detected in the epithelial and lamina propria area (black arrowheads; bar indicates 50 μm). D A
number of cells immunolabelled for COX-2. E % of immunolabeled cells for COX-2. Data are expressed as mean ± SD. Where *p < 0.05,
**p < 0.005, and ***p < 0.001.
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In vitro model of oxidative stress-induced toxicity
An in vitro oxidative stress-induced oral mucosa toxicity model was
established in OKF6 cells using H2O2, a well-known inducer of oxidative
stress [68, 69]. An initial range of concentrations (100–1200 μM) tested over

the given timepoints was determined based on existing literature
[28, 70–73]. A series of preliminary experiments were performed to
identify a concentration of H2O2 that inhibited 50% viability (IC50) of OKF6
cells at 24 h pre-incubation.

Fig. 9 Effect of H-MW-HA on increased IL-6, KC, and IL-13 expression induced by 5-fluorouracil (5-FU), and on superoxide dismutase
(SOD) enzyme activity in 5-FU treated mice.Mice received 5-FU Intravenously (IV) with or without daily treatment of H-MW-HA (0.01%w/v) in
the drinking water as described in the text. Animals were sacrificed at days 14, 16, and 19, and Blood samples were obtained. The expression
of pro-Inflammatory cytokine protein levels, A–C IL-6, D–F CXCL1/KC, and G–I IL-13, was determined in serum at days 14, 16, and 19. SOD
activity was measured in serum. J SOD activity at days 14, 16, and 19. K Total SOD activity between day-14 and day-19. Data are expressed as
mean ± SD. *p < 0.05. **p < 0.005. ***p < 0.0001.
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Treatment of OKF6 cells with HA constituents
OKF6 cells were seeded at density of 1.5 × 104 cells/well in a dark, clear-
bottom 96-well microplate (#CLS3603, Sigma-Aldrich) in complete culture
medium and incubated overnight at standard conditions to permit for cell
attachment. Cell viability was confirmed > 90% by trypan blue exclusion
(trypan blue dye, 0.4% solution, 1450021, Bio-Rad). Cells were then pre-
treated with 100 µl/well of HA constituents prepared in complete culture
medium for 24 hours to allow for HA metabolism and chemical
transformation in cells [74, 75]. Pre-treated cells were then co-treated
with 100 µl/well of HA constituents with or without 400 µM H2O2 prepared
in fresh complete culture medium and incubated for 24 hours under
standard conditions. Concentrations of HA constituents used; Mucosamin®,
H-MW-HA (1% and 5%, v/v), xl-HA 5/5, xl-HA 30/30, and xl-HA 100/100
(0.01% v/v) and xl-HA (100/100). Concentrations of all HA constituents
were chosen for potential safe efficacy, as determined by preliminary
experiments (data not shown) and potential therapeutic efficacy of HA-
based compound (Mucosamin®) [28, 76]. To determine the potential
protective effect of HA constituents on H2O2-induced damage in oral
keratinocyte cells, cell viability was assessed using fluorescein diacetate
(FDA) fluorescent assay [77]. The FDA fluorescence intensity was quantified
at the respective excitation and emission wavelength of 485/20 nm and
528/20 nm using Synergy HTX Multi-Mode Reader (Bio-Tek, USA). Cell
viability was expressed as a percentage of fluorescence intensity. Viability
of control cells (without treatment) was considered as 100%. The value of
cells incubated with the various treatments was compared to control cells.
Data are expressed as mean percentage viability relative to the unexposed
control (100%). Intracellular ROS production was measured in OKF6 cells by
using the cell-permeant 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluor-
escein diacetate (CM-H2DCFDA, Invitrogen, Thermo Fisher Scientific,
C6827), as per manufacturers' instruction. To determine a time course for
intracellular ROS generation, kinetic increases in fluorescence of CM-DCF
were measured at 0, 15, 30, and 45min and at 30min intervals thereafter
for a total of 6 h using Synergy HTX Multi-Mode Reader (Bio-Tek, USA). ROS
generation of control vehicle (1 unit), and ROS formation was measured as
the relative change in CM-DCF fluorescence (-fold increase) relative to the
control vehicle.

Animals
C57BL/6 female mice aged 6–12 weeks and weighing between 15 and
20 g were used in this study. Animals were purchased from Bio21 animal
facility (Bio21 institute, The University of Melbourne, Parkville, Victoria,
Australia). Mice were housed in groups of three or four in clear cages
with wood chips under specific pathogen-free conditions and main-
tained on a 12-hour light/dark cycle in a temperature-controlled and
humidity-controlled room (21 ± 1 ˚C and 40%–60%, respectively) with
free access to an autoclaved food pellets and water provided ad libitum.
This study was approved by the Animal Ethics Committee (AEC) of The
University of Melbourne (ID 1814636.3). All work was conducted in
compliance with the Australian Code for the Care and Use of Animals for
Scientific Purposes determined by the National Health and Medical
Research Council 8th edition (2013) [78], and reported according to the
ARRIVE guidelines.

Preparation of 5-fluorouracil (5-FU) and hyaluronic acid (HA)
5-FU powder (Sigma-Aldrich, Castle Hill, NSW, Australia Cat#F6627) was
dissolved in saline to a final concentration of 10 mg/ml. A Natural non-
sulfated high molecular weight hyaluronic acid (H-MW-HA) powder
(non-crosslinked, mol wt ~1.5–1.8 × 10E6 Da, Hyaluronic acid sodium
salt, from Streptococcus equi, Cat#53747, Sigma-Aldrich, Castle Hill,
NSW, Australia) was dissolved in drinking water at a concentration of
0.01% (w/v).

Induction of chemotherapy-induced oral and intestinal
mucositis (CIOIM)
Mice were induced to develop CIOIM as previously described [37]. Briefly, a
total of sixty mice were used in the study. The mice were randomly divided
into four experimental groups (Supplementary Fig. S4); A, B, C, and D, with
respectively n= 12, 12, 18, and 18 mice per group: A (control, n= 12). B (H-
MW-HA only, n= 12), mice received H-MW-HA (0.01% w/v) orally in
drinking water from day 0 until experimental endpoint. C (5-FU, n= 18),
mice received 5-FU injection i.v. (50mg/kg/day) every 48 h, from day 1 to
day 13. D (5-FU+ H-MW-HA, n= 18), mice received a 5-FU i.v. injection
(50mg/kg/day), every 48 hours, from day 1 to day 13, plus HA-MW-HA

(0.01% w/v) orally in drinking water from day 0 until experimental
endpoint. Control and H-MW-HA groups received physiological saline i.v
(vehicle). In all cases i.v. drug administration was performed via tail vein
injections. Mice were monitored daily for signs of morbidity, with body
weights recorded every 24–48 h.

Assessment of oral mucositis
Over the 14, 16, or 19 day observation period, mice were anesthetized with
isoflurane every 48 h, starting from day 2 until day 10, then every 24 h until
the end of the experiment for oral cavity inspection, which included the
anteroventral and dorsal tongue, palate, floor of the mouth, lips, and right
and left buccal mucosa. Mice were additionally examined for mucositis/
ulcer formation and general appearance by macroscopic means by using
specialized tailored oral cavity diagnostic tools (Supplementary Fig. S5A
and B). Incidence, development, and extent of oral mucositis were
assessed clinically in vivo using a visual oral ulcerative mucositis score,
adapted from Nakajima et al. [79], based on a modification of the method
of Sonis et al. [80] (Supplementary Table S6). Image acquisition was
recorded digitally (Canon EOS 60D; Canon Inc., Tokyo, Japan) using a
100mm lens (Canon 100mm f/2.8 Macro USM lens) connected with a ring
flash (Sigma EM-140 DG Ring Flash).

Diarrhea assessment
The severity of 5-FU-induced gastrointestinal mucositis was assessed by
scoring of stool passages (diarrhea assessment). Stool passages/diarrhea
severity of all mice were recorded every 48 h, starting from day 2 post
initial injection, until day 10, and then every 24 h until the end of the
experiment. Diarrhea severity was assessed using Bowen’s score system
[81] and classified into four grades according to the stool consistency: 0,
normal stool; 1, slightly wet and soft stool indicating mild diarrhea; 2, wet
and unformed stool indicating moderate diarrhea; 3, watery stool
indicating severe diarrhea.

Macroscopic examination of the tongue
Animals were sacrificed on days 14, 16, and 19. Blood samples were
obtained and serum frozen until analysis. At necropsy, the tongue was
excised at the level of the trachea. To reveal surface erosive or ulcerative
lesions, the tongue was stained with 1% toluidine blue in 10% acetic acid
for 1 minute, followed by repeated washes with acetic acid until no further
recovery of dye was evident [82]. Tongues images were acquired with a
digital camera (Canon EOS 60D; Canon Inc., Tokyo, Japan) using 100mm
lens (Canon 100mm f/2.8 Macro USM lens) connected with a ring flash
(Sigma EM-140 DG Ring Flash) and scored according to the following
criteria; Negative—lack of dye uptake or light, diffusely stippled uptake of
dye; positive—deep, royal blue staining of the epithelium and lack of
epithelium (identified as ulcer). The percentage of toluidine blue positive
surface area (excluding excision trauma) was calculated using Fiji (ImageJ)
software [83, 84].

Histopathologic examination
At necropsy, jejunum and tongue specimens were collected, and
immersed in 10% neutralized formalin overnight. The tissues were
embedded in paraffin, cut into 4-µm-thick sections, and stained with
hematoxylin and eosin (H&E). Slides were scanned as digital images using
Olympus VS120 automated slide scanner equipped with a BX61VS
microscope with a 20× objective (Olympus VS120-S6-W, Olympus VS-
ASW software). Scanned digital images of photomicrographs were
examined using QuPath open source digital software v. 0.2.0 [85]. For
the morphometric analysis of the jejunum intestinal wall, tissue samples
were oriented with longitudinally cut villi to assess tunica mucosa
thickness, intestinal villi length and crypt depth (Supplementary Fig.
S5C). Analysis was conducted as described by Navarrete et al. [86]. Briefly,
three mice per group were analyzed, with the analysis consisting of three
intestinal rings and one longitudinal intestinal section per mouse. Each
analysis incorporated 3 fields per section and 1 measurement per field,
with 12 intact villi and crypts measured and averaged. For the
morphometric analysis of the tongue, epithelial tongue thickness was
measured as described by Carrard et al. [87]. Briefly, epithelial thickness
was measured from the basal membrane to the granular layer. Three mice
per group, and three transverse sections per tongue, consisting of 3 fields
per section and 3 measurements per field, were measured and averaged
(Supplementary Fig. S5D). Scores were allocated in a blinded manner
throughout.
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Immunohistochemistry
Formalin fixed, paraffin embedded (FFPE) tongue and jejunum samples
were sectioned onto Superfrost slides (Thermo Fisher Scientific, MA, USA)
then dewaxed and rehydrated according to standard protocols. Slides
were then prepared for IHC with anti-COX-2 (SP21, 1/50, Thermofisher#
MA5-14568.) or anti-cleaved -caspase-3 (CC3) (#9661 (Ap175), 1/300, Cell
Signalling Technology; MA, USA) polyclonal antibodies using an Auto-
stainer (Dako Omnis, Agilent Technologies, Vic., Australia). Sections were
first subjected to heat-induced antigen retrieval with EnVision FLEX TRS,
low pH (cleaved caspase-3 (CC3)) or high pH (COX-2) at 97 oC and washed.
Sections to be stained for CC3 were then incubated with blocking reagents
(X0590 Avidin stock, X0590 biotin stock (each 10min, (Dako)), followed by
FLEX peroxidase blocking agent (5 min). Incubation with primary
antibodies then followed (45–60min, COX-2 and CC3 respectively) with
post-washing. CC3 staining was detected with anti-Rabbit biotin (1/300,
Dako) and ABC kit (Dako) incubations and COX-2 by rabbit-labeled
polymer-HRP (Dako k4003) followed by EnV FLEX substrate solution
(10min), washing and counterstaining according to standard protocols.
TUNEL staining was performed as before [88], with terminal deoxynu-

cleotide transferase (Promega# M828C) followed by Biotin-16-dUTP (Roche
#11093070910) according to the manufacturers’ instructions. All slides
were scanned as digital images using Olympus VS120 automated slide
scanner equipped with a BX61VS microscope with a 20× objective
(Olympus VS120-S6-W, Olympus VS-ASW software). Scanned digital images
were examined using QuPath open source digital software v. 0.2.0 [85].
Histopathology was assessed in blinded fashion for numbers of apoptotic
cells and COX-2 positive cells.

Multiplex analysis of serum cytokine and chemokine levels
Serum cytokine and chemokine levels were measured using the Bio-Plex
Pro™ mouse cytokine magnetic bead immunoassay (23-plex; Bio-Rad#
M60009RDPD) on a Bio-Rad Bio-Plex instrument, following the manufac-
turer’s instructions as before [88]. The cytokines measured include IL-1Α, IL-
Β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(P40), IL-12(p70), IL-13, IL-17A,
Eotaxin, G-CSF, GM-CSF, IFNG, KC (CXCL1), MCP-1, MIP-1Α, MIP-1Β, RANTES,
and TNF α.

Superoxide dismutase (SOD) enzyme activity assay
Total superoxide dismutase activity was measured in blood serum using an
indirect enzyme assay (SOD Assay Kit, 19160, Sigma Aldrich, Castle Hill,
NSW, Australia), according to the manufacturer’s instructions. Briefly, SOD
activity was assayed spectrophotometrically (Perkin Wallac Victor 2 V
Multilabel Microplate Reader 1420, Shelton, USA) by absorbance measure-
ment at 450 nm. Samples were run in triplicate and values expressed as U/
ml of blood.

Statistics
Statistical analysis was performed using IBM SPSS Statistics for Windows,
version 42 (IBM Corp., Armonk, N.Y., USA) and GraphPad Prism version 8.0.1
for windows (GraphPad Software Inc, San Diego, CA). Data is presented as
means ± SD, unless otherwise mentioned, and evaluated by One-way
analysis of variance ANOVA followed by Tukey’s post hoc test to detect
inter-group differences. Pearson chi-square tests for independence
(categorical variables) were used to examine differences in ulcer status
and diarrheal status between different treatment groups. Fit spline/
LOWESS test was used to calculate IC50. Logrank test was used for
comparative analysis of survival rates. Differences of p < 0.05 were
considered to be statistically significant.

DATA AVAILABILITY
Complete dataset for this study will be made available upon reasonable request to
the corresponding authors.
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