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Abstract

Squamous cell carcinoma represents the second most common type of keratinocyte carcinoma with ultraviolet radiation
(UVR) making up the primary risk factor. Oral photoprotection aims to reduce incidence rates through oral intake of
photoprotective compounds. Recently, drug repurposing has gained traction as an interesting source of chemoprevention.
Because of their reported photoprotective properties, we investigated the potential of bucillamine, carvedilol, metformin, and
phenformin as photoprotective compounds following oral intake in UVR-exposed hairless mice. Tumour development was
observed in all groups in response to UVR, with only the positive control (Nicotinamide) demonstrating a reduction in tumour
incidence (23.8%). No change in tumour development was observed in the four repurposed drug groups compared to the UV
control group, whereas nicotinamide significantly reduced carcinogenesis (P=0.00012). Metformin treatment significantly
reduced UVR-induced erythema (P=0.012), bucillamine and phenformin increased dorsal pigmentation (P=0.0013, and
P=0.0005), but no other photoprotective effect was observed across the repurposed groups. This study demonstrates that
oral supplementation with bucillamine, carvedilol, metformin, or phenformin does not affect UVR-induced carcinogenesis
in hairless mice.
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SCC  Squamous cell carcinoma
UVR Ultraviolet radiation Drug repurposing is the strategy of reusing drug candidates
HE Haematoxylin and eosin for treatment options other than their original intention [1].

Drug repurposing is associated with lower risk as trials will
build upon previous experiences, including safety data from
animal and human studies. Repurposing may also provide a
Extended author information available on the last page of the article reduction in both the time frame and associated costs during
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development [2]. Finally, prior knowledge of demonstrated
effects and mechanisms of action eases the identification of
new disease targets [3].

Cutaneous squamous cell carcinomas (SCCs) are pre-
dominantly induced by ultraviolet radiation (UVR) [4].
Incidence rates have risen across the world with further
increases predicted in the future [5—7]. Classical prevention
methods such as sunscreen use have proven insufficient, cre-
ating a need for innovation within photoprotection [8]. Oral
intake of compounds that counteract the damaging effects of
UVR could boost protection against UVR-induced SCCs [9].

Drug repurposing represents an interesting avenue for
oral photoprotection. Metformin and phenformin are antidia-
betic drugs that function as 5" AMP-activated protein kinase
activators, demonstrating varying degrees of photoprotec-
tion. Both topical and gavage-delivered metformin protected
against tumour development in hairless mice [10], whereas
phenformin reduced 12-0O-tetra-decanoylphorbol-13-ace-
tate induced skin tumourigenesis [11]. Topical use of the
B-blocker carvedilol, commonly used to treat heart disease,
has been shown to inhibit UVR-induced carcinogenesis in
hairless mice in two separate studies, demonstrating protec-
tion against skin inflammation and cyclobutane pyrimidine
dimers [12, 13]. As a final candidate, bucillamine, a cysteine
derivate most recently tested as a treatment for COVID-
19 [14], has demonstrated photoprotection against UVR-
induced cell proliferation, apoptosis, and MAPK signalling
following systemic treatment [15, 16].

In the present study, we investigated the potential of drug
repurposing in UVR-induced squamous cell carcinoma in
hairless mice. With reports of photoprotective effects, we
tested whether the observed photoprotection could be trans-
lated to oral photoprotection against UVR-induced skin
cancer.

2 Materials and methods
2.1 Compounds

Bucillamine, carvedilol, metformin, and phenformin were
purchased from Biosynth. Nicotinamide was purchased from
Sigma-Aldrich. Once a week, bucillamine was weighed and
the powder was placed in seven amber blue-cap bottles
stored at —20 °C. Each morning, the powder of one bot-
tle was solubilised in tap water and transferred to a drink-
ing bottle. Nicotinamide and phenformin were frozen at
—20 °C as aliquots once a week. Each morning, one ali-
quot was taken out and thawed, diluted in tap water, and
transferred to a drinking bottle. Metformin was prepared
weekly in aqueous solution. New solution was transferred
to a drinking bottle each morning. Carvedilol was added to
Altromin 1320 feed (Altromin Spezialfutter GmbH & Co.
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KG, Lage, Germany) produced every second month. The
feed was replaced once a week.

2.2 Animals

All study protocols were approved and carried out under
the recommendation and guidelines of the Danish Animal
Experiments Inspectorate (permit number: 2021-15-0201-
00905) and the local animal welfare committee at Bispebjerg
Hospital, Denmark. Female C3.Cg-H7"/TifBomTac hairless
mice (n = 150, ages 19 to 42 weeks) from Taconic (Ry,
Denmark) were used in this study. After acclimatisation for
at least 2 weeks, the animals were housed under standard
conditions as previously described [17].

2.3 Drug treatments and UVR-induced
carcinogenesis

A total of 150 mice were randomised into six groups of 25
mice each. The groups were (i) 20 mg/kg bucillamine [15,
16], (ii) 7.25 mg/kg carvedilol', (iii) 300 mg/kg metformin
[10], (iv) 100 mg/kg phenformin [11], (v) 600 mg/kg nicoti-
namide as a positive control [17], and (vi) no drug treatment,
UVR control. All drug treatments were delivered through
the drinking water, except for (ii) which was supplemented
through the feed. UVR protocol was initiated after the first
2 weeks of drug treatment. All mice were irradiated with
UVR 3 times a week with 3.5 standard erythema doses. The
UV source has previously been described [17]. To estimate
tumour development, tumours reaching 1 mm or above were
counted and measured weekly.

2.4 Erythema, pigmentation, and weight

Mice were weighed monthly to monitor health status. UVR-
induced erythema was measured once a week for the first
6 weeks of UVR as described previously [17]. In brief, dor-
sal erythema was measured 30 min after UVR on a scale of
no erythema (0), mild erythema (1) to very severe erythema
(4). Pigmentation induced by UVR was estimated visually
guided by the use of long-wave fluorescent UVA tubes as
previously described [17].

2.5 Euthanasia and final measurements

Mice were euthanised using carbon dioxide according to
protocol when an endpoint was reached, either (i) one
tumour measuring 12 mm in diameter, or (ii) three 4 mm
tumours [17]. To ensure the included tumours were squa-
mous cell carcinomas and not benign neoplasms, only

! Based on the human therapeutic dose of 50 mg/day [18].
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Table 1 Over Vi?W of d.ose Parameter Buc Car Met Phen Nam UV control
changes and weight gains over
the course of the study Dose before study start (mg/kg) 20 725 300 100 600 N/A
Dose during study start (mg/kg) 20 7.25 300 75 600 N/A
Median weight gain (%) 14.95%#* 6.5 7.19 14.8%%* 5.1 8.98

Buc bucillamine, Car carvedilol, Met metformin, N/A not applicable, Nam nicotinamide, Phen phenformin

***p-value <0.001 when compared to the UV control group

tumours measuring 4 mm or above were included in further
analysis. Tumour area was calculated with the formula:

t length t idth
tumour area = T - < umou; et ) - ( umou; = ) [17]. Imme-

diately following euthanasia, the ears of the mouse were
removed, six 4 mm punch biopsies collected from the ears
and weighed for estimation of oedema formation as previ-
ously described [17]. Non-tumour skin was collected and
stored at — 80 °C. Sections of 10 um were prepared and
stained with haematoxylin and eosin (HE) to evaluate epi-
dermal thickness.

2.6 Statistical analysis

Statistical analysis was performed using R version 4.1.0
[19]. A Kaplan—Meier survival curve was used to visualise
tumour development, and data were analysed with a log-
rank test (Mantel-Cox) [20]. Statistical differences between
groups were otherwise determined using a Mann—Whitney U
test with p-values below 0.05 indicating significance.

3 Results
3.1 Drug treatment toxicity and health status

To ensure safe and tolerable doses, subsections of five mice
were treated for 2 weeks with the drug doses in Table 1.
Based on previous experience [17], nicotinamide treatment
(600 mg/kg) was considered safe and therefore not tested. No
change in food or water intake was found during this period
(data not shown). To initialise the study, drug treatments
were administered to all respective groups for 2 weeks prior
to UVR exposure. Following 1 week of treatment, three mice
treated with phenformin were found dead. Brief autopsy of
the mice did not identify any specific cause and no histology
was performed, in part because of the state of the organs.
The phenformin dose was reduced from 100 to 75 mg/kg
(Table 1), whereafter no further toxicity was demonstrated,
indicated by no difference in overall deaths over the course
of the study (data not shown). No significant weight loss
was observed, but treatment with bucillamine and phen-
formin significantly increased the percentage weight gain
compared to the UV control group (Fig. 1). One mouse from

the nicotinamide group was euthanised because of ringtail
disease. Following tumour development, three mice in the
phenformin group were euthanised because of blood loss
due to bleeding from their tumours.

3.2 Effects of drug treatment on murine skin
changes

The effects of drug treatment on UVR-induced erythema
and pigmentation are shown in Fig. 2. All groups developed
erythema in response to the first UVR exposure (Fig. 2A,
B), and erythema was decreasingly detectable up to week
6. Metformin treatment significantly reduced erythema
expressed as the accumulated score over 6 weeks com-
pared to the UV control (Fig. 3A and Table 2). As shown
in Fig. 2C, C3.Cg-H/"/TifBomTac mice develop pigmen-
tation in response to UVR. Treatment with bucillamine,
phenformin, and the positive control nicotinamide signifi-
cantly increased pigmentation measured at the end of the
study period (week 30; Fig. 3B and Table 2). To evaluate the
effects on UVR-induced inflammation, oedema formation
measured by ear punch weight was considered. UV control
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Fig. 1 Percentage weight gain of body weight following drug treat-
ments. Median percentage body weight gain from start of the study
until week 30. ***p-value <0.001 when compared to the UV con-
trol group
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Fig.2 Images of mice showing the effects of drug treatment on UVR-induced skin changes. A Mice prior to any UVR exposure, B mice 30 min
after their first UVR exposure, and C mice showing dorsal pigmentation in response to 13 weeks of UVR

mice had a median ear weight of 3.98 mg, which was not
changed by any of the treatments (Table 2). Histological
examination of HE-stained skin sections (Fig. 4) revealed
no difference in epidermal thickness compared to the UV
control group (Table 2).

3.3 Effects of drug treatment on UVR-induced
carcinogenesis

To evaluate the effect of drug treatment on photoprotec-
tion, the mice were checked weekly for the development
of tumours with diameters of 1 mm or above. The first
tumour became visible after 86 days (UV control group)
and after 149 days, one mouse from each group had devel-
oped at least one tumour (Fig. 5). The median tumour

@ Springer

onset was 164 days for the UV control group (Fig. 5B).
This was unchanged by all treatment groups except
nicotinamide, which delayed tumour onset till 206 days
(Table 3). Moreover, the protection provided by nicoti-
namide resulted in only 76.2% of the mice developing
a tumour (Table 3). When no further change in tumour
development was observed 1 week after the completion of
the second to last group (Metformin), the five remaining
nicotinamide-treated mice were euthanised after 262 days
in the experiment. The number and sizes of tumours with
a diameter of 4 mm or above were similar in all drug-
treated groups compared to the UV control (Fig. SA and
Table 3), whereas nicotinamide significantly reduced the
median number of tumours from 3 to 1.
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Fig.3 Effects of drug treatments on UVR-induced skin changes.
A Accumulated erythema in response to 6 weeks of UVR, evalu-
ated 30 min after UVR on a scale from 0 (no erythema) to 4 (very

severe erythema), and B pigmentation scores at week 30. *, **, and
*#**p-values < 0.05, 0.01, and 0.001 when compared to the UV con-
trol group

Table 2 Effects of drug

. Parameter Buc Car Met Phen Nam UV control
treatments on UVR-induced
skin changes Erythema® 3 25 2% 3 3 3
Pigmentation® 4% 3 3 4rkck 6F** 3
Oedema formation (mg)® 3.96 4.02 3.86 3.92 3.83 3.98
Epidermal thickness (um)? 75.12 85.04 69.83 74.99 82.12 67.68

Buc bucillamine, Car carvedilol, Met metformin, Nam nicotinamide, Phen phenformin

* F% and ***p-values <0.05, 0.01, and 0.001 when compared to the UV control group

“Data expressed as median accumulated erythema score over 6 weeks

®Pigmentation scores at the end of the study period (week 30)

“Evaluated by weight of ear punch biopsies

9Measured by three measurements on five sections from each group

4 Discussion

Drug repurposing has become an interesting source of
chemoprevention [21]. With the rise in squamous cell
carcinoma incidence rates [5—7], indicating an increas-
ing need for alternative methods of photoprotection, we
wanted to explore the potential of drug repurposing as an
avenue for oral photoprotection. Therefore, in this study,
we investigated whether four different drugs could reduce
UVR-induced carcinogenesis in hairless mice.

Oral supplementation with either bucillamine, carve-
dilol, metformin, or phenformin did not affect tumour
onset or development compared to control treated

UVR-exposed hairless mice (Fig. 5 and Table 3), whereas
treatment with the positive control, nicotinamide, delayed
tumour onset and reduced the number of tumours induced
by UVR treatment.

One study has previously reported on the effects of oral
metformin on photocarcinogenesis. The authors demon-
strated that gavage-delivered metformin resulted in a signifi-
cant reduction in UVR-induced tumour development [10].
While the same dose was used in both studies (300 mg/kg),
there was no change to tumour development in the current
study, albeit a significant reduction in erythema (Table 2).
The difference in effect may be due to the route of oral deliv-
ery. In the present study, mice had ad libitum access to met-
formin-supplemented drinking water at a concentration that

@ Springer
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Fig.4 Effects of drug treatments on epidermal thickness. Representative histological sections of HE-stained skin from the treatment groups.

Images represent X20 magnifications

would ensure a dose of 300 mg/kg through their daily water
intake. However, in the other study, the entire dose of met-
formin was delivered through gavage one hour prior to UV
radiation. As gavage-delivered compounds reach a higher
plasma and tissue concentration than feed supplementation
[22], it is possible that metformin did not reach a sufficient
level to counteract the damaging effects of UVR in the skin.
It may, therefore, be necessary to increase the daily feed dose
of metformin to reach a level of photoprotection comparable
to what is achieved through gavage delivery.

It is important to note that a cohort study from 2019
reported no reduction in cancer risk in type 2 diabetes
patients treated with metformin [23]. This was further sup-
ported by the results of a recent retrospective cohort study,
which showed that metformin treatment had no effect on
the development of new keratinocyte carcinoma lesions
[24]. Taken together, these results may suggest that while
metformin at a higher dose may prevent UVR-induced skin
cancer in mice, it will not be effective as keratinocyte carci-
noma prevention in humans.

Topical application of carvedilol has been shown to act
photoprotective in two separate studies [12, 13]. To circum-
vent the need to apply photoprotection, we explored the oral
potential of carvedilol but did not observe any protective
effect. In humans, oral intake of a 50 mg capsule has a bio-
availability of only 24% [25]. The present dose is based on

@ Springer

the same human dose, suggesting a similar low level of bio-
availability. In a recent study, Shamim et al. reported that
topically applied carvedilol had an improved skin-to-plasma
ratio compared to oral delivery [13]. Furthermore, the tested
dose was more than twice of what is given in the present
study (20 mg/kg vs. 7.25 mg/kg), indicating that the mice
would have even less carvedilol available in the skin. As
higher therapeutic doses would affect the cardiovascular
system as reported for mice treated with 20 mg/kg [13], we
do not believe carvedilol to be an appropriate candidate for
oral photoprotection.

While phenformin did increase dorsal pigmentation
(Fig. 3 and Table 2), it had no effect on tumour development
(Figs. 5 and 6, and Table 3). Prior to UVR initiation, three
mice treated with phenformin were found dead. No change
in weight or dietary habits was observed, and following a
dose change from 100 to 75 mg/kg, no further toxicity was
reported. While phenformin was removed from the market
at the end of the 1970s because of lactic acidosis toxicity
[26], previous mouse studies have used doses up to 300 mg/
kg with no reported toxicity [27, 28]. However, it is possible
that the present mouse model, C3.Cg-Hr""/TifBomTac, is
particularly susceptible to lactic acidosis.

Bucillamine was chosen as a drug candidate because of its
structural similarity to N-acetylcysteine, which is reported
to be photoprotective in both in vitro and mouse models
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Fig.5 Effects of drug treatment on UVR-induced carcinogenesis. A Representative images of tumour development in response to drug treat-
ment. Pictures taken post-euthanasia, and B Kaplan—-Meier plot of UVR-induced tumour onset following drug treatment

Table 3 Effects of drug

; Parameter Buc Car Met Phen Nam UV control

treatment on UVR-induced
carcinogenesis Mice in experiment® 22 24 22 17 21 22

Tumour incidence 100% 100% 100% 100% 76.2% 100%

Total number of tumours at the 69 78 67 53 25 70

end of experiment

Median tumours 3 3 3 3 1** 3

Median tumour size (mm?) 58.9 61.65 53.41 50.27 28.27 51.84

Median tumour onset (Days) 149 156 164 156 206%** 164

Buc bucillamine, Car carvedilol, Met metformin, Nam nicotinamide, Phen phenformin
** and ***p-value <0.01 and 0.001 when compared to the UV control group
#Mice included in analysis of tumour development
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Fig.6 Schematic figure of the drug treatments’ photoprotective effects or lack thereof on UVR-exposed mice and their relation to protection

against photocarcinogenesis

[29-31]. There are currently only two other studies report-
ing on the photoprotective effects of bucillamine [15, 16]. In
the current study, we show for the first time that bucillamine
treatment does not affect tumour development (Fig. 5 and
Table 3), indicating that bucillamine is not an appropriate
candidate for oral photoprotection. Although bucillamine did
not affect tumour development, bucillamine and phenformin
treatment did induce significant increases in weight gain
(Fig. 1). While the weight increase in phenformin-treated
mice may be explained by a lower starting weight (data not
shown), we currently do not know why bucillamine treat-
ment causes weight gain.

There are some technical limitations of the study. Only
female mice were used. This was done to optimise housing
of the animals as male mice do not allow other males to
occupy the same space, creating a need for individual hous-
ing. As a result, potential sex-dependent differences were
not in the scope of this work and should be explored in a
follow-up study. The study included only one concentration
of each drug, which may have limited possible findings at
higher concentrations. While the applied concentrations
were based on observations from other studies [10, 11, 15,
16] and human doses (see Footnote 1), it is possible that
gavage delivery is required to reach a higher peak concentra-
tion to achieve photoprotection. However, to minimise harm
experienced by the mice, this was not done in the current
explorative study. Finally, while the drugs according to their
data sheets should be stable in their applied solutions, we

@ Springer

did not test whether drug activity remained over the 24 h of
administration.

In conclusion, oral supplementation with bucillamine,
carvedilol, metformin, or phenformin did not affect UVR-
induced carcinogenesis in hairless mice. More research is
needed to identify relevant candidates for oral photopro-
tection, and perhaps focus should be put on combining
already established compounds in order to increase their
photoprotective potential.
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