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KEY WORDS Abstract Metal-based carbon monoxide (CO)-releasing molecules have been shown to exert anti-

. inflammatory and anti-oxidative properties maintaining gastric mucosal integrity. We are interested in
gﬁ;?fﬁfﬁ;zi- further development of metal-free CO-based therapeutics for oral administration. Thus, we examine
Prodrug; ’ the protective effect of representative CO prodrug, BW-CO-111, in rat models of gastric damage induced
Anti-inflammation; by necrotic ethanol or aspirin, a representative non-steroidal anti-inflammatory drug. Treatment effective-
NSAID: ness was assessed by measuring the microscopic/macroscopic gastric damage area and gastric blood flow
Ethanol; by laser flowmetry. Gastric mucosal mRNA and/or protein expressions of HMOX1, HMOX2, nuclear fac-
Gastric mucosal damage tor erythroid 2-related factor 2, COX1, COX2, iNos, Anxal and serum contents of TGFB1, TGFB2, IL1B,

1L2, IL4, ILS, IL6, IL10, IL12, tumor necrosis factor «, interferon vy, and GM-CSF were determined.
CO content in gastric mucosa was assessed by gas chromatography. Pretreatment with BW-CO-111
(0.1 mg/kg, i.g.) increased gastric mucosal content of CO and reduced gastric lesions area in both models
followed by increased GBF. These protective effects of the CO prodrug were supported by changes in
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expressions of molecular biomarkers. However, because the pathomechanisms of gastric damage differ
between topical administration of ethanol and aspirin, the possible protective and anti-inflammatory
mechanisms of BW-CO-111 may be somewhat different in these models.

© 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Carbon monoxide (CO) is an endogenous signaling molecule
produced by heme oxygenase (HMOX)-mediated heme degrada-
tion and has been shown to exhibit cytoprotective effects among
others'. Taking into account its molecular activity and ability to
modulate a variety of intracellular pathways under physiological
and pathological conditions, CO is a sibling gasotransmitter to
endogenously produced hydrogen sulfide (H,S) and nitric oxide
(NO). CO has been shown to modulate synaptic plasticity and
tissue regeneration within central nervous system and also to affect
gastric mucosal integrity and to modulate duodenal secretion
within gastrointestinal (GI) tract” °. Morevoer, CO producing
HMOXI1 is known to be induced by oxidation and inflammation
and is considered as a part of self-defense feedback mechanism
activated within particular tissues in response to the exposure to
various stressors® °. Importantly, CO has a relatively high toxicity
threshold reaching up to 10% of carboxyhemoglobin (COHb)
concentration in blood”. Therefore, the last two decades have seen
much effort in developing CO as a therapeutic agent'"""® for
treating inflammatory conditions and in offering cytoprotection in

. : : : 4— 972 2224
various organs including kidney'* '®, heart'" ' 4

, liver s
brain®>?’ and GI*** " among others'”''. Along this line, the
issue of route of administration is a critical pharmaceutical factor.
Earlier work was largely focused on using inhaled CO gas as the
choice of administration. However, for a broad range of potential
applications, it is desirable to develop non-inhalation forms of
delivery. CO is known to have high affinity for a range of transition
metals; thus metal-immobilized carbonyls attracted much attention
for the experimental delivery of CO. As early as in 1891,
McKendrick and Snodgrass®® experimented nickel tetracarbonyl
and found it to be an antipyretic. However, nickel tetracarbonyl is
highly toxic. Motterlini and others'"'**°~* developed alternatives
as metal-based CO-releasing molecules (CO-RMs) using metals
such as ruthenium, manganese, molybdenum and iron, which are
sufficiently benign to allow for biological and pharmacological
studies at the cellular level in vitro and in animal models. Aiming at
improving delivery properties and minimizing metal-related
toxicity, modified CO-RMs have been reported including
enzyme-controlled release** and encapsulated metal-based CO-
RMs* " as well as photosensitive organic (metal-free) CO-
RMs’! % and oral forms of CO in a solution®’. Most recently, we
have been working on developing metal-free organic CO prodrugs
belonging to different structural classes'®** " with tunable CO
release rates”®°""%. Some of these prodrugs are capable of trig-
gered release (pH-%%, esterase-°"*%, and ROS-sensitive®), mito-
chondrion-targeting®”, employing dual-triggers®”®*, and delivering
more than one payload using a single prodrug®®®"¢+¢7,
Previously, ruthenium-based CORM-2 and CO have been

studied for their gastroprotective and ulcer healing effects®*'~.

However, recent studies of ruthenium-based CO-RMS have led
some to ask for “a major reappraisal of the biological effects of
CORM-2 and related CORMs”°® because of ruthenium’s ability to
undergo chemical reactions with thiols®® " and other molecules
or proteins’'~7*. Recently, organic CO prodrugs have been shown
to be effective in treating systemic inflammation, experimental
colitis, chemically induced liver injury, and ischemia reperfusion
kidney injury'”**%*7> 1t is worth mentioning that endogenously
produced CO due to activity of HMOX/nuclear factor erythroid 2-
related factor 2 (NRF2) pathway has been shown to play beneficial
roles in the self-defensive response to noxious agents™>>"7%77,
Herein, we describe our effort of studying for the first time an
organic CO prodrug for its gastroprotection of injuries induced by
aspirin, a classic NSAID or a chemical agent known to evoke
necrotizing injury to the stomach such as ethanol.

Thus, in this study we aimed to investigate for the first time if
pretreatment with a novel CO prodrug, BW-CO-111°%, prevents
gastric mucosa against aspirin- or necrotic, ethanol-induced
gastric damage on the micro- and macroscopic levels and if this
effect is accompanied by the alterations in gastric blood flow
(GBF). We focused on possible effects of BW-CO-111 on mod-
ulation of inflammation by screening serum concentrations of 11
inflammatory markers and transforming growth factor 8 (TGFB).
Possible modulation of HMOX1/HMOX?2 and NRF2 pathways by
this CO prodrug has also been investigated. Alterations in gastric
mucosal mRNA and/or protein expression for proinflammatory
inducible nitric oxide synthase (iNos) and anti-inflammatory
annexin-Al (Anxal), TGFB1 receptors (Tgfbrl, Tgfbr2, and
Tgfbr3), and physiological gastroprotective barrier components,
prostaglandin  (PG)E,-producing enzymes, cyclooxygenase
(COX1 and COX2) were also assessed.

2. Materials and methods
2.1.  Experimental design

Fifty male Wistar rats with average weight of 220—300 g were
used in the study. Animals were fasted for 24 h with free access to
tap water before each experiment. All procedures were approved
by the I Local Ethical Committee for Care and Use of Experi-
mental Animals, held by Faculty of Pharmacy, Jagiellonian Uni-
versity Medical College in Cracow (Decision No.: 311/2019;
Date: 17 July 2019). Experiments were run with implications for
replacement, refinement or reduction (the 3Rs) principle. Animal
studies are reported in compliance with the ARRIVE guidelines.

Rats were randomly assigned to the appropriate experimental
groups (5 rats each) and were pretreated i.g. by orogastric tube with
1 mL of 1) dimethyl sulfoxide (DMSO)/H,0 (1:9) as vehicle, 2) CO
prodrug BW-CO-111 (0.02—5 mg/kg) or 3) BW-CP-111, the
product after CO release from BW-CO-111, applied at a dose of
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0.1 mg/kg, which is the equivalent of the effective dose of BW-CO-
111 capable of reducing ethanol-induced injury area by more than
50%. After 30 min, animals were administered i.g. with 1 mL of
75% ethanol or 1.5 mL of ASA (125 mg/kg dissolved in 0.2 mol/L
HCl), based on previously implemented and described experimental
models of drugs-induced or necrotic gastric mucosal injuries®”’%.
BW-CO-111 was selected due to its half-live for CO release®”. In a
separate series of experiments, animals were pretreated i.g. with
vehicle or BW-CO-111 (0.1 mg/kg) and 30 min later gastric mucosal
biopsies were collected for determination of gastric mucosal CO
content as described below.

All compounds and chemicals were purchased from
Sigma—Aldrich (Schnelldorf, Germany) unless otherwise stated.
BW-CO-111 and BW-CP-111 were synthesized following pro-

62

cedures described previously’.

2.2.  GBF determination, macro- and microscopic gastric
damage assessment and sample collection

One hour after administration of ethanol or aspirin (ASA), under
isoflurane anesthesia, the abdomen was opened for the GBF
measurement by laser flowmetry, as described previously®®.
Briefly, the GBF was determined in the oxyntic part of the gastric
mucosa not involving ethanol- or aspirin-induced mucosal damage
using laser flowmeter (Laserflo, model BPM 403A, Blood Perfu-
sion Monitor, Vasamedics, St. Paul, MN, USA). Average values of
three measurements were expressed in mL/min per 100 g of
gastric tissue. Blood samples were collected from the vena cava
and separated serum was stored at —80 °C until further anal-
ysis*™®7?. Next, the stomach was excised, opened along the greater
curvature and the area of gastric damage was determined plani-
metrically and expressed in mm? *°. Gastric mucosal samples
were scraped off on ice, snap-frozen in liquid nitrogen and stored
at —80 °C until further analysis™. Gastric mucosal biopsies were
collected as described previously for determination of CO
content™.

For microscopic analysis, the gastric tissue sections were
excised and fixed in 10% buffered formalin, pH = 7.4. Samples
were dehydrated by passing them through a series of alcohols with
incremental concentrations, equilibrated in xylene for 10—15 min
and embedded in paraffin; paraffin blocks were cut into about
4 pum sections using a microtome. The prepared specimens were
stained with haematoxylin/eosin (H&E). Tissue slides were eval-
vated using a light microscope (AxioVert Al, Carl Zeiss, Ober-
kochen, Germany)™. Digital documentation of histological slides
was obtained using above mentioned microscope and ZEN Pro 2.3

software (Carl Zeiss, Oberkochen, Germany)m.

2.3.  Determination of gastric mucosal mRNA fold changes by
real-time PCR

Gastric mucosal mRNA expression fold change for Hmox1, Hmox2,
iNos, Cox1, Cox2,Anxal and Tgfb1 was assessed by real time PCR, as
described previously®’. Briefly, total RNA was isolated using
commercially available kit with spin-columns (GeneMATRIX-
Universal RNA Purification Kit, EURX, Gdansk, Poland) according
to manufacturer’s protocols. Reversed transcription (RT) was per-
formed using PrimeScript™RTMasterMix (Perfect Real Time
Takara Bio Inc., Kyoto, Japan). RNA concentration was measured
using Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA). For each RT reaction, total RNA concentration was adjusted to
(1 pg) per sample. Samples from healthy (intact) gastric mucosa were

further used as reference control during calculations. Expression of
mRNA for Hmoxl1, Hmox2, iNos, Coxl, Cox2, Anxal, Il1b and suc-
cinate dehydrogenase complex, subunit A (Sdha) and (-actin (Actb)
as reference genes was determined using specific primers®*’. To
determine Tgfbrl, 5-ACTCCCAACTACAGAAAAGCA-3' forward
and 5-AAGGGCGATCTAGTGAGGGA-3' reverse primers were
used. To determine Tgfbr2, 5'-CCCCCGTTTGGTTCCAGAGT-3
forward and 5'-CGGTCTCTCAGCACGTTGTC-3’ reverse primers
were used. To determine Tgfbr3, 5'-GCTCCCAACAGTATCGG
CTT-3' forward and 5'-GCCTGTAGCCATTGTCCAGT-3' reverse
primers were used.

PCR reaction was run using thermal cycler Quant Studio 3
(Thermo Fisher Scientific) and SYBR Green I dye including kit
[SG qPCR Master Mix (2 x), EURx]. To maintain the same PCR
reaction efficiency in all analyzed samples, the same amount of
cDNA per each well was used. After reaction, melting curve for
each sample, its technical replicates and for appropriate negative
control were analyzed to exclude the data derived from poten-
tially unintended products. Results were analyzed using the
—AACt method®'.

2.4.  Determination of proteins expression in gastric mucosa by
Western blot

Protein expression for HMOX1, HMOX2, NRF2, COX1 and
COX2 in gastric mucosa was determined using Western blot as
described previously’”’. Rabbit monoclonal anti-HMOX1
(ab68477, Abcam, Cambridge, UK) in dilution of 1:1000, rab-
bit polyclonal anti-COX1 (13393-1-AP, Proteintech, Manchester,
UK) in dilution of 1:1000, rabbit polyclonal anti-NRF2 (163936-
1-AP, Proteintech) in dilution of 1:500, rabbit polyclonal anti-
COX-2 (ab 15191, Abcam) in dilution of 1:1000, rabbit poly-
clonal anti-HMOX-2 (14817-1AP, Proteintech) in dilution of
1:1000 and rabbit monoclonal anti-GAPDH, (2118, Cell
Signaling Technology, Danvers, MA, USA) in dilution of 1:2000
were used as primary antibodies. Protein expression was visu-
alized using horseradish peroxidase-linked secondary anti-rabbit
IgG antibody (7074, Cell Signaling Technology) or anti-mouse
IgG antibody (7076, Cell Signaling Technology) in dilution of
1:2000 where appropriate. All primary and secondary antibodies
were diluted in 5% non-fat milk, except anti-NRF2 antibody,
which was diluted in 5% BSA.

Chemiluminescence was developed using WesternSure® ECL
Substrate (LI-COR, Lincoln, NE, USA) or WesternBright
Quantum (Advansta, Menlo Park, CA, USA) and was measured
using C-DiGit® Blot Scanner (LI-COR). The intensity of bands
was determined and analyzed using Image Studio 4.0 software
(LI-COR). The expression of each protein of interest was
determined using 5 samples per experimental group and obtained
values were normalized to the expression of ACTB or GAPDH
as loading controls’®”?.

2.5.  Luminex microbeads fluorescent assays

Determination of serum concentrations of interleukin IL1B, IL2,
IL4, ILS, IL6, IL10, IL12, IL13, interferon vy (IFNG), tumor ne-
crosis factor o (TNF) and granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) was performed using Luminex
microbeads fluorescent assay (Bio-Rad, Hercules, CA, USA) and
Luminex MAGPIX system (Luminex Corp., Austin, TX, USA).
Results were calculated from calibration curves and expressed in
pg/mL’?.
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2.6.  Determination of CO content in gastric mucosa by gas
chromatography (GC)

CO concentration in the gastric mucosa biopsies was determined
as reported previously but using modified GC-based method
described in detail elsewhere and briefly below .

Sample preparation: 10 mL of water were added to the tissue
fragments (about 400—600 mg) and homogenized by sonication
(Sonoplus, BANDELIN Electronic GmbH & Co. KG, Berlin,
Germany). The volume of 2.5 mL of homogenate was pipetted
into two 10 mL headspace vials (2 test samples). To obtain cali-
bration samples, about 5 mL of the remaining volume of the ho-
mogenate was saturated with CO for 20 min (100% saturation
CO). The CO used to saturate the calibration samples was ob-
tained by reacting concentrated sulfuric acid with 80% formic
acid. Unbound CO was removed by flushing with nitrogen for
3 min. Calibration solutions with CO saturation 1.25%, 2.5%, 5%
and 10% were prepared from 100% saturated homogenates.
2.5 mL of each calibration solution was pipetted into headspace
vials (4 calibration samples). The vials were then sealed with an
aluminum cap and silicon Teflon septum. Each vial was gently
flushed with helium for 30 s and then 1.5 mL of 20% potassium
hexacyanoferrate was added with a syringe.

GC/O-FID (flame ionization detector)-headspace analysis: for
the GC/O-FID-headspace analysis, a Thermo Trace GC
Ultra (Thermo Electron Corp., Waltham, MA, USA) equipped
with O-FID detector (FID with jet nickel microcatalytic methan-
izer) was used. The jet nickel microcatalyzer converts CO to
methane at 330 °C, which increases the sensitivity of CO detec-
tion. The system was equipped with a Thermo TriPlus HS auto-
sampler (Thermo Electron Corp.). The prepared samples were
mixed and incubated at 70 °C for 8 min in autosampler agitator
to the achieve complete CO liberation. 200 pL of gas-phase of
each sample were injected with an autosampler gas-tight syringe
(heated at 72 °C). Split/splitess injector (200 °C) with closed
split was used. GC separation was performed with HP-
Molesieve column (Agilent Technologies, Santa Clara, CA,
USA; 30 m/0.53 mm ID/0.25 pum) at constant flow 15 mL/min of
helium as a carrier gas. The temperature program consisted of the
following steps: 60 °C for 2 min followed by 120 °C for 2 min
achieved by a heating rate 60 °C/min.

2.7.  Determination of CO release from BW-CO-111 in vitro by
GC

GC was performed on an Agilent 7820 GC (Agilent Technologies)
equipped with a thermal conductivity detector (TCD) and a
packed molecular sieve column Carboxen 1000, 15 ft x 2.1 mm
(RESTEK, Bellefonte, PA, USA); helium was used as the carrier
gas. Oven temperature was programed as follows: 35 °C in 5 min,
then to 225 °C at a rate of 20 °C/min, and then hold for 5.5 min.
TCD detector was set at 125 °C. Calibration curve was generated
by injecting a series of varying volumes of pure CO gas taken
from a gas sampling bag into a 6-mL head-space vial pre-sealed
with 2.8 mL phosphate buffered saline (PBS)/DMSO (1:6, v:v)
medium, which was the same volume used in the CO release
experiment from the prodrug. After incubation at 37 °C overnight,
250 pL of the head-space gas was injected to the GC. The peak
area of CO was normalized with the peak area of oxygen as the
internal standard (from the air in the head space). The ratio be-
tween CO and O, was plotted against the injected pure CO molar
quantity to give the calibration curve.

2.8.  Determination of CO release yield and profile of BW-CO-
111 in PBS and simulated gastric fluid (SGF)

Phosphate buffered saline (PBS) was purchased from Corning
(Corning, NY, USA) and SGF was made by dissolving NaCl
(0.2%, wlv; Sigma—Aldrich, St. Louis, MO, USA) in pH 1.2
hydrochloric acid (HCI, Sigma—Aldrich) solution. DMSO was
purchased form Sigma—Aldrich. About 2 mg of BW-CO-111 was
used by dissolving in a mixed solvent with PBS (or SGF)/DMSO
(1:6, v:v) to give a solution of about 1 mmol/L. Specifically,
approximately 2 mg of BW-CO-111 was weighed into a 6-mL
headspace vial (total volume 5.8 mL). After dissolving in
2.4 mL DMSO, 0.4 mL of PBS or SGF was added and the cap was
sealed instantly. For the release yield determination, the vial was
incubated at 37 °C for 6 h and 250 pL of headspace gas was
injected into GC. For the release profile determination, 250 pL of
headspace gas was taken from the vial at different time points
(10—180 min) and injected into GC. After each sampling, 250 pL
of air was injected into the vial to balance the pressure. The ratio
between the calculated CO amount and the molar quantity of BW-
CO-111 was used to determine the release yield and the release
profile. The experiments were conducted in triplicate and the re-
sults are reported as mean & SD.

2.9.  Statistical analysis

Results were analyzed using GraphPad Prism 5.0 software
(GraphPad Software, La Jolla, CA, USA). Results are presented as
mean + SEM. Statistical analysis was conducted using Student’s
t-test or ANOVA with Dunnett’s multiple comparison post hoc test
if more than two experimental groups were compared. The group
size for each experimental group was of n = 5 and P < 0.05 was
considered as statistically significant.

3. Results

3.1.  CO release from BW-CO-111 in vitro and CO content in
gastric mucosa after pretreatment with this prodrug

Fig. 1A shows the reaction of CO release from BW-CO-111 to
BW-CP-111°%. In vitro CO release profile was tested with gas
chromatography. CO calibration curve and the regression formula
is shown in Fig. 1B and the goodness of fitting is r* = 0.9994. All
data points of CO/O, ratio for the tested samples fell within the
range of the calibration levels (0.625—9.821 umol). As shown in
Table 1 and Fig. 1C, BW-CO-111 released stoichiometric amount
of CO under both acidic and neutral conditions. The release ki-
netics gave a half-life of 24.1 + 4.0 min in the PBS/DMSO
mixture and 17.1 & 0.7 min in the SGF/DMSO mixture. The
difference in release half-life likely reflects the solvent-sensitive
nature of the controlling Diels—Alder reaction’®. Fig. 1D shows
that CO content in gastric mucosa was significantly increased
45 min after i.g. administration of BW-CO-111 (0.1 mg/kg) as
compared with vehicle treated group (P < 0.05).

3.2.  Gastroprotective effect of pretreatment with BW-CO-111
against ethanol- or aspirin-induced damage and possible
modulation of gastric microcirculation

Fig. 2A shows that pretreatment with BW-CO-111 appliedi.g. ata
dose of 0.1 and 0.5 mg/kg, but not at a dose 0.02 or 5 mg/kg,
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Table 1

Solution

SGF (pH 1.2; HCI:DMSO = 1:6)
PBS (pH 7.4; buffer:DMSO = 1:6)

CO release yield of BW-CO-111.
Release yield (%)

103.0 £ 1.9
100.7 £ 1.7

Results are reported as mean + SD.

significantly decreased ethanol-induced gastric damage area
(P < 0.05). However, the dose of 0.1 mg/kg i.g. decreased gastric
lesion area by more than 50% (Fig. 2A). The negative control BW-
CP-111 (0.1 mg/kg, i.g.) did not significantly affect ethanol-
induced gastric lesions area (Fig. 2A). Fig. 2B shows that pre-
treatment with BW-CO-111 (0.1 mg/kg, i.g.) significantly
decreased aspirin-induced gastric lesion area (P < 0.05).

In rats administered with ethanol or aspirin, the GBF was
significantly decreased as compared with intact gastric mucosa
(P < 0.05, Table 2). Pretreatment with BW-CO-111 (0.1 mg/kg, i.g.)
but not with BW-CP-111 (0.1 mg/kg, i.g.) significantly elevated
GBF in gastric mucosa administered with ethanol and aspirin as
compared with rats pretreated with vehicle (P < 0.05, Table 2).

Fig. 3A and B shows macroscopic and microscopic appearance
of gastric injury in rats administered with 75% ethanol (A) or
aspirin (B) and pretreated i.g. with vehicle or BW-CO-111
(0.1 mg/kg). In rats pretreated with vehicle, i.g. administration
of 75% ethanol or aspirin (125 mg/kg) resulted in macroscopic
hemorrhagic erosions and microscopic necrotic damage pene-
trating into gastric mucosa with notable leukocytes infiltration into

submucosal layer with accompanying desquamation and necrosis
of epithelium surface (Fig. 3A and B). Pretreatment with BW-CO-
111 (0.1 mg/kg, i.g.) reduced the depth and surface area of the
necrotic layer (Fig. 3A and B).

3.3.  Alterations in Hmox1/HMOX1 and Hmox2/HMOX2 mRNA/
protein expression in gastric mucosa compromised by EtOH after
pretreatment with BW-CO-111

Administration of 75% ethanol significantly increased Hmox! but
not Hmox2mRNA expression in gastric mucosa as compared with
rats without any treatments (Fig. 4A and B, P < 0.05). Fig. 4A
and B shows that gastric mucosal mRNA expression for Hmox1
and Hmox2 was not significantly affected in rats pretreated with
BW-CO-111 followed by treatment with 75% ethanol 30 min
later. Gastric mucosal protein expression for HMOX1, HMOX?2
and NRF2 were not significantly affected in rats pretreated i.g.
with  BW-CO-111 (0.1 mg/kg) as compared with vehicle
(Fig. 4C—E).

3.4.  Modulation of gastroprotective PGE, content and Coxl/
COX1 and Cox2/COX2 mRNA/protein expression in gastric mucosa
compromised by EtOH after pretreatment with BW-CO-111

Fig. 5A and B shows that gastric mucosal mRNA expression for
Cox2 but not Coxl was significantly upregulated in rats admin-
istered with 75% ethanol as compared with rats without any
treatments (P < 0.05). In rats pretreated with BW-CO-111
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followed by ethanol administration 30 min later, the gastric
mucosal CoxI and Cox2 mRNA expression was not significantly
affected as compared with vehicle-treated animals (Fig. 5A and
B). The gastric mucosal protein expression for COX1 and COX2
was not significantly affected in rats pretreated i.g. with BW-CO-
111 (0.1 mg/kg) as compared with vehicle (Fig. SC—E). Fig. 5F
shows that PGE, concentration in gastric mucosa was significantly
decreased after exposure to ethanol as compared with intact
(P < 0.05). Pretreatment with BW-CO-111 (0.1 mg/kg, i.g.)
significantly increased PGE, content as compared with vehicle in
animals exposed to ethanol (P < 0.05).

3.5.  Involvement of anti-inflammatory Anxal and TGFB
pathway in the gastroprotective effect of pretreatment with BW-
CO-111 in gastric mucosa compromised by EtOH

Fig. 6A shows that gastric mucosal mRNA expression for iNos
was significantly upregulated in rats treated with 75% ethanol

Table 2  Gastric blood flow (GBF) levels in gastric
mucosa of rats pretreated i.g. with vehicle, CO prodrug
BW-CO-111 (0.1 mg/kg) or BW-CP-111 (0.1 mg/kg) 45 min
prior to treatment with 75% ethanol (EtOH) or aspirin (ASA,
125 mg/kg).

Experimental group

GBF (mL/min per 100 g
of gastric tissue)

41.80 £ 0.8602

27.40 £ 1.631*
34.00 £ 1.140%**

Intact
Vehicle + EtOH
BW-CO-111 + EtOH

BW-CP- 29.20 £ 0.6633
111 + EtOH

Vehicle + ASA 26.60 £ 1.503*

BW-CO- 32.40 + 1.536"
111 + ASA

Intact refers to the values obtained in healthy gastric mucosa
without ethanol or aspirin-induced gastric damage. Results are
mean = SEM of 5 rats per group. *P < 0.05 compared with the
respective values in intact gastric mucosa. **P < 0.05 compared
with the respective values in vehicle-control group administered
with EtOH. *P < 0.05 compared with the respective values in
vehicle-control group administered with ASA.

after vehicle-pretreatment 30 min earlier as compared with ani-
mals without any treatments (P < 0.05). BW-CO-111 (0.1 mg/kg,
i.g.) significantly decreased iNos mRNA expression fold changes
as compared with vehicle-control group (P < 0.05, Fig. 6A).
Fig. 6B shows that gastric mucosal mRNA expression of Anxal
was significantly downregulated in rats administered i.g. with 75%
ethanol and pretreated i.g. with BW-CO-111 (0.1 mg/kg) as
compared with vehicle (P < 0.05). Fig. 6C—E shows that gastric
mucosal mRNA expressions for Tgfbrl, Tgfbr2 and Tgfbr3 were
not significantly altered in rats administered i.g. with 75% ethanol
and pretreated with vehicle as compared with healthy gastric
mucosa (P < 0.05). Pretreatment with BW-CO-111 upregulated
Tgfbr2 and Tgfbr3 but not Tgfbrl mRNA expression in gastric
mucosa as compared with vehicle (P < 0.05, Fig. 6C—E). Fig. 6F
and G shows respectively that TGFB1 and TGFB2 serum con-
centrations in rats pretreated with vehicle and administered with
ethanol were significantly increased as compared with intact an-
imals (P < 0.05). BW-CO-111 (0.1 mg/kg, i.g.) did not affect
TGFB1 and TGFB2 serum concentration in rats administered with
ethanol as compared with vehicle-pretreated group (P < 0.05,
Fig. 6F and G). TGFB3 serum concentration was not significantly
changed after administration of ethanol in rats with or without
pretreatment with BW-CO-111 (Fig. 6H).

Gastric mucosal mRNA expression of anti-inflammatory
Anxal and pro-inflammatory iNos and Il1b was not significantly
downregulated in rats pretreated with BW-CP-111 (0.1 mg/kg,
i.g.) as compared with vehicle-pretreatment (Supporting Infor-
mation Fig. STA—SI1C). Gastric mucosal mRNA expression of
iNos and Il1b but not of Anxal in 75% ethanol treated rats was
significantly upregulated as compared with intact gastric mucosa
(P < 0.05, Fig. SIA—SI10O).

3.6.  The effect of pretreatment with BW-CO-111 on systemic
inflammatory response in rats administered with EtOH

Fig. 7 shows that administration of 75% ethanol significantly
increased serum concentration of IL1B (A), IL2 (B), IL4 (C), IL5
(D), IL6 (E), IL10 (F), IL12 (G), IL13 (H), TNF (I), IFNG (J), and
GM-CSF (K) as compared with intact rats (P < 0.05). Fig. 7
shows that pretreatment with BW-CO-111 before administration
of 75% ethanol significantly decreased serum concentration of



462

Dominik Bakalarz et al.

Vehicle: DMSO/H20
(+ 1 mL 75% EtOH)

Vehicle: DMSO/H20
(+ 125 mg/kg of ASA)

Figure 3

BW-CO-111 (0.1 mg/kg)
(+1mL 75% EtOH)

BW-CO-111 (0.1 mg/kg)
(+ 125 mg/kg of ASA)

Macroscopic and microscopic appearance of randomly selected representative gastric mucosa of rats pretreated with vehicle or BW-

CO-111 (0.1 mg/kg) and exposed to 75% ethanol (EtOH) (A) or aspirin (ASA) (B). Histological slides were stained with H/E. Yellow arrows

indicate the macroscopic and microscopic gastric lesions.

IL1B (A), IL2 (B), IL4 (C), IL5 (D), IL6 (E), IL10 (F), IL12 (G),
IL13 (H), TNF (I), IFNG ({J), and GM-CSF (K) as compared with
vehicle-control group (P < 0.05).

3.7.  Alterations in Hmox1/HMOXI and Hmox2/HMOX2 mRNA/
protein expression in gastric mucosa compromised by aspirin after
pretreatment with BW-CO-111

Fig. 8A shows that mRNA expression for Hmox/ in gastric mucosa
but not that for Hmox2, was significantly increased as compared with
expressions of Hmox I and Hmox2 mRNA recorded in healthy animals
without any treatments (P < 0.05). Fig. 8A and B shows that gastric
mucosal mRNA expression for HmoxI and Hmox2 was not signifi-
cantly affected in rats pretreated with BW-CO-111 as compared with
vehicle in rats administered 30 min later with aspirin (125 mg/kg, i.g.).
Gastric mucosal protein expression for HMOX1, HMOX?2 and NRF2
were not significantly affected in rats pretreated i.g. with BW-CO-111
(0.1 mg/kg) as compared with vehicle (Fig. SC—E).

3.8.  Modulation of gastroprotective PGE, content and Coxl/
COX1 and Cox2/COX2 mRNA/protein expression in gastric mucosa
compromised by aspirin after pretreatment with BW-CO-111

Fig. 9A and B shows that gastric mucosal Cox2 but not Cox/
mRNA expression was significantly increased by aspirin treatment
as compared with animals without any treatments (P < 0.05).
Fig. 9A and B shows that gastric mucosal mRNA expression for
Cox2 but not mRNA expression of Cox/ was significantly
downregulated in rats pretreated with BW-CO-111 and adminis-
tered 30 min later with aspirin (P < 0.05). Gastric mucosal protein
expression for COX1 and COX2 was not significantly affected in
rats pretreated i.g. with BW-CO-111 (0.1 mg/kg) as compared
with vehicle (Fig. 9C and D). PGE, concentration in gastric mu-
cosa was significantly decreased after administration of aspirin as
compared with the respective values observed in intact gastric
mucosa (P < 0.05, Fig. 9F). BW-CO-111 (0.1 mg/kg, i.g.) did not
significantly affect PGE, concentration in gastric mucosa

administered with aspirin as compared with vehicle pretreatment
(Fig. 9F).

3.9.  Involvement of anti-inflammatory Anxal and TGFB
pathway in the protective effect of pretreatment with BW-CO-111
in gastric mucosa compromised by aspirin

Fig. 10A shows that gastric mucosal mRNA expression for iNos
was significantly upregulated in vehicle-pretreated rats adminis-
tered 30 min later with aspirin (125 mg/kg, i.g., P < 0.05). BW-
CO-111 (0.1 mg/kg, i.g.) significantly decreased iNos mRNA
expression fold changes as compared with vehicle-control group
(P < 0.05, Fig. 10A). In rats administered with aspirin and pre-
treated i.g. with BW-CO-111 (0.1 mg/kg), the gastric mucosal
mRNA expression for Anxal was significantly upregulated as
compared with vehicle (P < 0.05). Fig. 10C—E shows that mRNA
expression for Tgfbr3 but not Tgfbrl or Tgfbr2 mRNA expression
was significantly upregulated in gastric mucosa exposed to aspirin
(P < 0.05). Pretreatment with BW-CO-111 before aspirin
administration, did not affect mRNA expression for Tgfbri,
Tgfbr2 or Tgfbr3 in gastric mucosa as compared with vehicle
(P < 0.05, Fig. 10C—E). As presented in Fig. 10F—H, TGFB1 and
TGFB2 but not TGFB3 serum concentrations is significantly
increased in rats pretreated with vehicle and administered with
aspirin as compared with intact animals (P < 0.05). BW-CO-111
(0.1 mg/kg, i.g.) did not affect TGFB1, TGFB2 and TGFB3 serum
concentrations in rats administered with aspirin as compared with
vehicle-pretreated group (P < 0.05, Fig. 10F—H).

3.10.  The effect of pretreatment with BW-CO-111 on systemic
inflammatory response in rats administered with aspirin

The administration of aspirin (125 mg/kg, i.g.) significantly
increased serum concentration of IL1B (A), IL2 (B), IL4 (C), IL5
(D), IL6 (E), IL10 (F), IL12 (G), IL13 (H), TNF (I), IFNG (J),
GM-CSF (K) as compared with the values of these cytokines
measured in intact rats (P < 0.05) (Fig. 11). Pretreatment with
BW-CO-111 (0.1 mg/kg, i.g.) before administration of aspirin did
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pretreated i.g. with vehicle or BW-CO-111 (0.1 mg/kg) followed by 75% ethanol administration 30 min later. Results are mean + SEM of 5 rats
per experimental group. Red line indicates baseline value of mRNA expression in healthy gastric mucosa without any treatments. *P < 0.05

compared with healthy gastric mucosa.

not significantly affect serum concentration of IL1B (A), IL2 (B),
IL4 (C), IL5 (D), IL6 (E), IL10 (F), IL12 (G), IL13 (H), TNF (1),
IFNG (J), GM-CSF (K) as compared with vehicle-control group
(Fig. 11).

4. Discussion

Gastric mucosa is permanently exposed to exogenous noxious
factors derived orally, very often with food, such as chemical
necrotizing irritants including ethanol or drugs®* . Clinical use
of NSAIDs such as aspirin is very often associated with serious
side effects including induction of the hemorrhagic gastric ero-
sions and microbleedings®™®’. In spite of that, NSAIDs are still
widely used because of its effectiveness in modulation of
inflammation, fever and pain intensity®>*’. Proton pomp inhibitors
(PPI) are commonly used in clinics to prevent NSAIDs-induced

GI complications. However, it has been observed that the pro-
longed treatment with PPI resulting in achlorhydria may lead to
small intestinal bacterial overgrowth®®.

On the other hand, endogenous gaseous mediators, such as
hydrogen sulfide (H,S), CO or nitric oxide (NO) have been shown
to be involved in the maintenance of physiological GI tract
integrity and mucosal defense®”. Moreover, H,S-releasing phar-
macological tools can prevent ethanol- or drugs-induced gastric
damage and were effective in acceleration of gastric ulcer
healing®®"??°~2, Interestingly, novel gaseous mediators-releasing
hybrids of NSAIDs, such as H,S-releasing derivative of naproxen,
ATB-346 passed successfully the phase 2 of clinical trial™.
Similarly to H,S, ruthenium containing CO-releasing CORM-2 is
capable to prevent gastric mucosa against oxidative- or necrotic-
gastric damage’®". However, the utility of metal-complexes
with attached CO-ligands in CO signaling research is debatable”.
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In this study, we have demonstrated for the first time that novel
organic and metal-free CO prodrug BW-CO-111 applied i.g. at a
dose of 0.1 mg/kg protected the gastric mucosa against necrotic,
ethanol- and aspirin-induced mucosal damage reducing by more
than 50% the area of gastric lesions at the micro- and macroscopic
levels as observed using well-known animal models™’®. This
acute aspirin-induced GI injury has been previously reported to
reflect topical and systemic actions of acidified form of this
NSAID, including the reduced production of cytoprotective PGE,
and the accompanying fall in gastric microcirculation”*°. Tt has
been reported previously that CO can exert vasodilatory action
possibly mediated by soluble guanylyl cyclase activity’>""%%. In
our study, the pretreatment with BW-CO-111 counteracted the
decrease in GBF in gastric mucosa compromised by ethanol or
aspirin. In contrast, the pretreatment with BW-CP-111, a release

product control of BW-CO-111, without ability to release CO, was
not effective in gastric mucosal protection and GBF modulation.
Moreover, prior administration of BW-CP-111 did not decrease
pro-inflammatory markers mRNA expression upregulated in
chemically damaged gastric mucosa exposed to 75% ethanol.
These observations confirm that beneficial effects of BW-CO-111
could be due to its ability to release CO.

The chemical characterization and CO release kinetics for BW-
CO-111 has been described in detail previously®®. CO release is
stoichiometric with a #;,, of approximately 17 min at pH 1.2 and
24 min at pH 7.4 as we have demonstrated in this study. BW-CO-
111 applied i.g. at a dose of 0.1 mg/kg increased CO content in
gastric mucosa as we observed by direct measurement of CO
concentration in gastric tissue. This amount of CO was adequate to
prevent gastric mucosa against ethanol- or aspirin-induced damage.
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Figure 6  Expression of iNos (A), Anxal (B) and Tgfb receptor 1 (Tgfbrl) (C), Tgfbr2 (D), Tgfbr3 (E) mRNA in gastric mucosa and alterations

in serum concentration of TGFB1 (F), TGFB2 (G), TGFB3 (H) in rats pretreated i.g. with vehicle or BW-CO-111 (0.1 mg/kg, i.g.) 30 min before
administration of 75% ethanol. Intact refers to healthy rats which were not treated with ethanol. Results are mean + SEM of 5 samples per each
experimental group with statistical significance marked only if 2-fold up- or downregulation was reached. Results are expressed as fold change of
normalized gastric mucosal iNos, Anxal, Tgfbrl, Tgfbr2 and Tgfbr3 mRNA expression. Red line indicates baseline value of mRNA expression in
healthy gastric mucosa without any treatments. *P < 0.05 compared with healthy gastric mucosa; **P < 0.05 compared with respective values

obtained in vehicle-pretreated group.

Interestingly, ruthenium containing CORM-2 was effective at a
dose of 5 mg/kg i.g >’ Thus, because of the difference in 1,/ for
CO release, the novel CO-donating compound BW-CO-111 appears
to act as a promising and safe pharmacological alternative for
further studies related to gastric disorders. This notion is supported
by our present finding that intragastric treatment with BW-CO-111
exerted gastroprotection at a dose of 0.1 and 0.5 mg/kg and BW-
CP-111 did not increase cytotoxic effect of aspirin or ethanol
within gastric epithelium. Additionally, BW-CP-111 did not further
elevate gastric mucosal mRNA expression for pro-inflammatory
iNos or Il1b upregulated by ethanol. These observations not only

provide the evidence that the beneficial effects of BW-CO-111 is
due to its ability to release CO but also indicate that this compound
is not cytotoxic, at least in this experimental model. Thus, this
aspect seems to require further toxicological studies to be fully
confirmed. Interestingly, BW-CO-111 applied at a dose of 5 mg/kg
was not observed to prevent gastric mucosa against ethanol-induced
damage. This is in pair with previously published data showing that
CO-releasing CORM-2 was also not effective or even cytotoxic
when applied at higher doses’®”’"'°". Such results are consistent
with the biphasic nature of the dose—response curves for com-
pounds with pleotropic effects, especially gasotransmitters such as



466 Dominik Bakalarz et al.

A IL1B B L2 C 4
E 15001 2500 200-
E * g . g %
» £ v
L 2 2 T Z 1501 |
= _ 1000 = =
£ ) .é 1500 '3
EE §L g E 1004 +
RG] = £ 1000 + £ 2
g 500 + S S ~
S S 5001 g 80
=) <
— N -
= 0 T T = 0 = 0
J g T T
O & > > & N < <
N & P o & N & & >
& <& r © & <& & & 4@ ® 2
2 ) i @4\ ) Qfé ;
+75% EtOH +75% EtOH +75% EtOH
D 1L E 16 F 1L10
£ 1000 g 800 * £ 204
: . : T : +
@
a 800 1 E 600- g 150+
= = o~ 8 A
S 3 6001 + S £3
£E £ E 4004 + s £ 1004 +
Y =8 Ew®
= & 400 & R
o~ @ @
£ 2 2004 g 5o
S 2004 s s
w; & =
- =
= 0 T T = 0 T : = 0 . .
N < N
& & D S A% A g A% AN
3 3 N & W~ o & X N
A 43,0 4\'00 A 45‘0 (,0’ K 459 $,Q°
) & \_v[_,
+75% EtOH +75% EtOH +75% EtOH
G IL12 H IL13 | TNF
E  400- * £ 200 * £ 300
g T 4 T z *
H 2 2
= 3004 = 1501 2 |
= = = _ 2004
2 .g Sitayy 29
£ £ 200 + £ £ 1004 s & +
R B & =&
) o = o~
g g 2~ 100
£ 100 S 50 g
< b 3
a '_"L| - <,
2 )
= 0 . . = 0 : ' - & 0 . .
N
@c. ;\C}c \\\ 0;} .\éc ’\\\ @é g \ee. ’\\\
& B o S <8 Q' A & O
$9 qkp 4ASJ
+75% EtOH +75% EtOH +75% EtOH
J IFNG ‘ GM-CSF
E 500 * £ 2000-
El o}
< » *
2 400 | =
= = 1500
= ‘E
S ~ i o
£ 3 300 + 2
=& = E 10001
£ 2001 ¢ E
2 S |
S 100 m +
g &
= 0 ' . 5 0 ; . .
& A S & & >
> & A il
¥ & Iod & & po'\
JT—‘ \_s‘_J
+75% EtOH +75% EtOH

Figure 7 Changes in serum concentration of interleukin IL1B (A), IL2 (B), IL4 (C), IL5 (D), IL6 (E), IL10 (F), IL12 (G), IL13 (H), tumor
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compared with healthy gastric mucosa.

hydrogen sulfide. In practice, such results also set a window for
effective doses for future considerations.

We have observed in our present study that BW-CO-111
maintained upregulated gastric mucosal mRNA expression of
endogenous CO producing Hmox!I in rats administered with
aspirin or ethanol. Indeed, it has been previously observed that
mRNA and protein expression for HMOX1 was increased and
decreased, respectively in gastric mucosa administered with
ethanol or aspirin®’®. Such results suggest that in contrast to
CORM-2, BW-CO-111 can attenuate gastric mucosal necrotic
lesions and drug-induced gastrotoxicity without additional syner-
gistic stimulation of endogenous CO production. The observed
earlier CORM-2-mediated upregulation of Hmox! mRNA in
gastric mucosa exposed to ethanol or aspirin could be due to the
presence of Ruthenium in the structure of CORM-2, which in fact,
did not interfere with the potential gastroprotective activity of this
CO donor™’®, Tt needs to be noted that recent studies have found
that ruthenium-based CO-RMs such as CORM-2 can participate in

many reactions under physiological conditions®® 7*. Thus, it is
reasonable to conclude that the interpretation of the protective
gastroprotective effects of CORM-2 can be attributed to yet un-
recognized factors and mechanisms besides the release of CO.
Interestingly, BW-CO-111 (0.1 mg/kg, i.g.) downregulated
gastric mucosal mRNA expression for anti-inflammatory Anxal,
upregulated mucosal mRNA expression for Tgfbr2 and r3 and
maintained elevated TGFB1 and TGFB2 serum concentration in
rats administered with ethanol. It has been previously reported
that CORM-2 can antagonize TGFB activity through internali-
zation of TGFB receptor 1 (ALKS5) inhibiting profibrotic effect of
this inflammatory factor'2. However, we observed that Anxal
mRNA expression was decreased in rats administered with high
dose of aspirin but pretreatment with BW-CO-111 increased the
gastric mucosal mRNA expression for this protein and similarly
to rats administered with ethanol, this CO-prodrug maintained
elevated TGFB1 and TGFB2 serum contents and maintained
upregulated mucosal mRNA expression for Tgfbr3 by aspirin. It
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vehicle-pretreated group.

is worth highlighting that ANXAI is assumed to exert its anti-
inflammatory activity due to inhibition of prostaglandins (PGs)
biosynthesis'**'**. However, PGE, produced by the activity of
COXs is a crucial component of gastric mucosal barrier' .
Interestingly, it has been reported that ANXAI1 is involved in
gastroprotection of dexamethasone against indomethacin-induced
gastric damage under experimental conditions similar to those
with aspirin in our study, in which the PG generation is also
suppressed'”®. This could explain the discrepancies in Anxal
mRNA expression between gastric mucosa pretreated with BW-
CO-111 and compromised by ethanol and aspirin. In chronic
ulcer study, CO-releasing CORM-2 accelerated gastric ulcer
healing increasing Anxal mRNA expression at ulcer margin after
3 days of treatment and maintaining TGFB2 serum concentration
after 6 days of treatments'’’. Additionally, it has been reported
that CO-releasing CORM-AL1 increased TGFB production by

pancreatic lymph node cells resulting in enhancement of beta
cells regeneration in experimental mice model of diabetes'®®.

CO donors were reported to modulate inflammatory response in
various experimental models including digestive system patho-
logies™' "' In our study, we have observed that pretreatment
with BW-CO-111 (0.1 mg/kg, i.g.) attenuated the systemic in-
flammatory response induced by 75% ethanol application as re-
flected in the decreased serum concentrations of eleven
inflammatory biomarkers including IL1B, IL2, IL4, IL5, IL6, IL10,
IL12, IL13, TNF, IFNG, and GM-CSE. Moreover, BW-CO-111
downregulated gastric mucosal mRNA expression of pro-
inflammatory iNos and Cox2 elevated in gastric mucosa exposed
to aspirin. Similarly, it has been reported previously that CORM-2
(5 mg/kg, i.g.) prevented ischemia/reperfusion-induced gastric
damage in rats by mechanism involving the decrease in the sys-
temic levels of these cytokines™.
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respective values obtained in vehicle-pretreated group.

Finally, BW-CO-111 (0.1 mg/kg, i.g.) maintained upregulated
gastric mucosal protein expression for COX2 in rats as a result of
treatment with aspirin or ethanol. However, BW-CO-111
increased cytoprotective PGE, mucosal content in gastric mu-
cosa compromised by ethanol but not by aspirin. In the case of
aspirin treatment, BW-CO-111 was able to alleviate the damaging
effect without directly altering decreased PGE, gastric mucosal
production caused by this drug. Since the expression of Cox2
mRNA but not that of Cox]/ was elevated in gastric mucosa of
ethanol treated rats with or without BW-CO-111 pretreatment

comparing with healthy gastric mucosa, one would assume that
COX2 derived PG are predominantly responsible for this CO
donor-induced protection and the increase in GBF. Thus, we as-
sume that this CO donor enhanced the activity of PGE, system
being involved in the physiological defensive mechanism against
necrotic effects of ethanol.

Taken together, we conclude that BW-CO-111 (0.1 mg/kg)
applied i.g. protected gastric mucosa against necrotic ethanol-
induced and aspirin-induced damage due to its ability to release
CO possibly responsible for the increase in gastric
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microcirculation observed in our present study. However, because
the pathophysiology of gastric damage differs between topical
administration of ethanol and aspirin, the possible mechanisms of
BW-CO-111-mediated gastroprotection seems to be somewhat
different in these two models. Its gastroprotective activity was also
associated with the similar significant attenuation of systemic and
gastric mucosal inflammatory response possibly mediated by the
anti-inflammatory ANXA1, TGFB and its receptors activity.
Based on our present evidence, the NRF2 triggering effect of
HMOX pathway by BW-CO-111 is questionable. Moreover, BW-

~ no changes compared to aspirin effect
=] inhibition
=P stimulation

Possible mechanisms of BW-CO-111-mediated gastroprotection against ethanol- (A) and aspirin-induced (B) gastric damage.

CO-111 could affect COX2/PGE, resulting in gastroprotection
against ethanol-induced gastric damage and this CO donor could
counteract the alterations in the COX2/PGE, pathway in gastric
mucosa induced by aspirin (Fig. 12A and B, respectively).
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