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Abstract

Indomethacin is a non-steroidal anti-inflammatory drug that causes gastric ulceration and increased ‘leakiness’ in rat models,
and is used routinely as a toxicology assay to screen novel compounds for repair and restitution properties. We set out to
establish conditions for indomethacin-induced gut damage in wax-moth (Galleria mellonella) larvae with a view to reducing
the need for rodents in such experimentation. We administered indomethacin (0.5-7.5 pg/larva; 2-30 mg/kg) to G. mellonella
via intrahaemocoelic injection and gavage (force-feeding) and monitored survival and development, blood cell (haemocyte)
numbers, and changes in gut permeability. Increased levels of gut leakiness were observed within the first 4- to 24 h by track-
ing fluorescent microspheres in the faeces and haemolymph (blood equivalent). Additionally, we recorded varying levels of
tissue damage in histological sections of the insect midgut, including epithelial sloughing and cell necrosis. Degeneration
of the midgut was accompanied by significant increases in detoxification-associated activities (superoxide dismutase and
glutathione-S-transferase). Herein, we present the first evidence that G. mellonella larvae force-fed indomethacin display
broad symptoms of gastric damage similar to their rodent counterparts.

Keywords Innate immunity - Gastrointestinal damage - Histopathology - Rodent models - Gavage - Gut leakiness -
Eicosanoids

Introduction

When considering more carefully our use of vertebrates in
disease and toxicology experimentation, there is constant need
to develop alternative model systems in vitro, in vivo or in
silico. One such in vivo alternative is the larvae of the greater
wax-moth, Galleria mellonella. These insects are now used
widespread as ‘mini-hosts’ for the investigation of microbial
pathogenicity (Mowlds et al. 2010; Kloezen et al. 2015; Lim
et al. 2018; Cools et al. 2019), screening of xenobiotics/tox-
ins (Allegra et al. 2018; Coates et al. 2019) and functional
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characterisation of virulence factors (Altincicek et al. 2007,
Champion et al. 2016). Larvae of G. mellonella are desig-
nated a non-animal technology (Allegra et al. 2018), which
means there are fewer ethical restrictions and regulations
compared to vertebrates. Additionally, practical advantages
include low maintenance costs, thermal tolerance to 37 °C,
ease of use (accurate dosages) and high turnover—results can
be obtained within 72 h—in contrast to vertebrates. Although
G. mellonella have been used to study the infectivity of gut
pathogens such as Campylobacter jejuni (Senior et al. 2011),
Listeria monocytogenes (Mukherjee et al. 2013a), Vibrio spp.
(Wagley et al. 2018), Shigella spp. (Barnoy et al. 2017) and
Salmonella enterica (Card et al. 2016), there remains a dis-
tinct lack of information regarding the alimentary canal of this
insect and its role in pathogenesis.

From mouth to rectum, the digestive system of lepidop-
teran larvae (like G. mellonella) consists of three distinct
regions: the foregut (stomatodaeum), midgut (mesenteron)
and hindgut (proctodacum) (Engel and Moran 2013; Lin-
ser and Dinglasan 2014). The midgut is the primary site of
digestion and absorption in many insects, and importantly,
it lacks the exoskeletal/chitin lining seen in the fore- and
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hind-guts. The basic tissue architecture of the midgut is
similar to those found in the human intestine, such as epi-
thelial arrangements of columnar cells and smooth septate
junctions that control permeability—analogous to tight junc-
tions (Green et al. 1980). The insect peritrophic matrix is
the functional equivalent to the mammalian mucus layer,
which acts as a barrier for the epithelial cells and impedes
pathogen movement into the body cavity (i.e., the haemo-
coel) (Campbell et al. 2008; Kuraishi et al. 2011). Moreover,
some microbial communities characterised in the midgut
of G. mellonella are similar to those found in crypts of the
human intestine (Mukherjee et al. 2013b).

Non-steroidal anti-inflammatory drugs (NSAIDs) are
used extensively to alleviate pain by inhibiting the activi-
ties of cyclooxygenase isozymes (COX1, COX2), yet known
side effects manifest in gastrointestinal injury (Playford et al.
1999; Brune and Patrignani 2015). In particular, indometha-
cin causes ulceration by inducing apoptosis, reducing gastric
blood flow and activating innate immune cells (neutrophils),
which all contribute to mucosal secretion, maintenance and
defence (Marchbank et al. 2011; Matsui et al. 2011). Gas-
tric complications arising from indomethacin exposure have
been developed into a standard rodent restraint/ulcer assay
to screen novel compounds and health food supplements
for putative therapeutic properties—tissue repair and resti-
tution (Aguwa 1985; Playford et al. 1999, 2001; Mahmood
et al. 2007). The adverse effects of indomethacin, notably
inflammation, permeability and REDOX imbalance, have
been studied thoroughly in humans and rodents (Basiv-
ireddy et al. 2003; Bjarnason and Takeuchi 2009; Sigthors-
son et al. 2000; Perron et al. 2013). Therefore, we set out to
interrogate the effects of indomethacin on the alimentary
canal of G. mellonella. First, we utilised two inoculation
methods (intrahaemocoelic injection and gavage) to assess
the relative toxicity of indomethacin in insect larvae across
the concentration range, 0.5-7.5 pg/larva. Second, we com-
bined histopathology screening, X-ray microtomography/
microscopy (XRM) and enzyme activities to assess the
integrity of the midgut tissues in the absence and presence
of this NSAID. Indomethacin treatments were established by
extrapolating from Marchbank et al. (2011), wherein a dose
of 20 mg/kg was administered to induce gastric damage in
rats—the equivalent being 5.0 ug/larva.

Materials and methods

Reagents

Unless stated otherwise, all chemicals and reagents
were sourced from Sigma Aldrich (Dorset UK) in their

purest form listed. Green and blue fluorescent (latex)
microspheres ranging from 0.5 to 6 um in diameter were
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purchased from Polysciences, Inc. (Fluoresbite®). Stock
solutions of indomethacin were prepared in 5% dimethyl
sulfoxide (DMSO; v/v) and diluted in filter-sterilized
(0.2 pm) phosphate-buffered saline (PBS) pH 7.4.

Insects

Larvae of G. mellonella (final instar) were purchased from
Livefoods Direct Ltd (Sheffield UK). Upon arrival, each larva
was inspected for signs of damage, infection and melanisa-
tion. Healthy larvae weighing between 0.25 g and 0.35 g were
retained and stored at 15 °C in the dark for no more than 7 days.

Larval survival and pupation studies

Larvae were assigned randomly to each treatment (n =10
per replicate) and placed in 90 mm petri dishes lined with
Whatman filter paper and wood shavings from the com-
mercial supplier. Indomethacin was administered by intra-
haemocoelic injection (INJ) or force feeding (FF; gavage)
using a sterile 27-gauge hypodermic needle across the con-
centration range, 0 to 7.5 pg/larva. The volume of each
inoculum was standardised to 10 puL. The negative control
consisted of PBS pH 7.4 containing 5% dimethyl sulfox-
ide (DMSO). Post-inoculation, larvae were incubated at
30 °C and assessed for mortality (response to prodding)
and development (pupation events) for up to 10 days.

Haemocyte counts and viability

Larvae treated with indomethacin, PBS (containing 5%
DMSO), or untreated (i.e., no inoculation) were assessed
for haemocyte numbers within 4- and 72-hours post-inoc-
ulation. Insects were chilled on ice for ~3 min prior to
injection of 100 pL anticoagulant (15 mM NaCl, 155 mM
trisodium citrate, 30 mM citric acid, 20 mM disodium
EDTA, pH 5.5). Larvae containing anti-coagulant were
placed back on ice for 2 min prior to piercing the integu-
ment above the head using a 27-gauge hypodermic needle.
Haemolymph was collected into pre-chilled, sterile micro-
centrifuge tubes. For haemocyte viability, haemolymph
was extracted in the absence of anticoagulant and mixed
in a ratio of 1:5 with 0.4% trypan blue (w/v in PBS) and
incubated at room temperature for 1 to 2 min. In all cases,
haemolymph samples were applied to an improved Neu-
bauer haemocytometer for cell enumeration using bright-
field optics of a compound microscope. Two technical
replicates were performed per sample. Haemocytes were
considered dead when the cytoplasm stained positively for
trypan-blue (Strober 2015).
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Detoxification-associated assays

Haemolymph was extracted (as stated above) and pooled
from three larvae at 4, 24, 48 and 72 h after being force-
fed indomethacin. Haemolymph was centrifuged at 500x g
for 5 min at 4 °C to pellet the haemocytes. Approximately,
2.5 x 10° haemocytes from each treatment/time point were
added to the lysis buffer (50 mM potassium phosphate,
2 mM EDTA, 1 mM DTT and a proteinase inhibitor cock-
tail (Roche cOmpleteTM Mini kit)) and centrifuged at
14,000 x g for 10 min at 4 °C. Supernatants were retained
and stored at — 80 °C. Midgut tissues from three larvae
per treatment/time point were dissected out and washed
in PBS. Approximately, 30 mg of tissue was placed in
1 ml lysis buffer and homogenised for ~ 1 min (using a
borosilicate mini glass homogeniser) prior to centrifuga-
tion and storage as described above. Protein concentra-
tions of haemolymph and midgut samples were determined
using the Biuret method with bovine serum albumin (BSA,
0-20 mg/ml) as a standard (Gornall et al. 1949).

Superoxide dismutase (SOD) activity

SOD activity (EC 1.15.1.1) was determined using the
method described by Dubovskiy et al. (2008). Briefly,
80 pL of sample (haemolymph or homogenised midgut)
was mixed with reaction solution (500 uL PBS containing
70 uM NBT, 125 uM xanthine), followed by the addition
of 20 puL xanthine oxidase solution (5 mg BSA, 15 pL xan-
thine oxidase (20 units/mL) per ml PBS), and incubated
for 20 min at 28 °C. Total assay volume was 600 uL. Xan-
thine oxidase catalyses xanthine to produce superoxide
anions (O,"), which reduce NBT to a formazan dye. The
inhibition of NBT reduction is indicative of SOD activ-
ity, which is monitored spectrophotometrically at 560 nm.
SOD activity is presented as the increase in absorbance
(560 nm) per min per mg protein.

Glutathione S-transferase (GST) activity

GST activity (EC 2.5.1.18) was determined using the
method described by Dubovskiy et al. (2008). Briefly,
20 pL of sample was mixed with 500 uL GST assay solu-
tion (1 mM glutathione, 1 mM 1-chloro-2,4-dinitroben-
zene (DNCB) dissolved in PBS) and incubated at 28 °C for
5 min. The reaction of DNCB and glutathione is catalysed
by GST, producing 5-(2,4-dinitrophenyl)-glutathione—
detectable at 340 nm. GST activity is presented as the
increase in absorbance (340 nm) per min per mg protein.

Gut permeability assessments

Fluorescently tagged, carboxylate-modified latex micro-
spheres (1 x 10%) of 0.5 um, 1 um, 2 um and 6 um in diameter
were resuspended in 10 uL PBS (control) or 10 pL indo-
methacin solution (1 or 7.5 ng dose) to form co-inoculates
(thereby avoiding piercing an insect twice). Larvae were
force-fed 10 pL of each co-inoculate and incubated at 30 °C
until haemolymph and faeces were collected from each treat-
ment group at 4, 24, 48 and 72 h. Faeces were homogenised
in 1 mL PBS pH 7.4. The number of microspheres in the
haemolymph/faeces was enumerated using a fluorescent
microscope (Olympus Bx43f).

Histopathology of the insect alimentary canal

Larvae force-fed indomethacin (7.5 pg per insect) or PBS
(negative control) were killed at 4, 24, 48 and 72 h post-
inoculation by intrahaemocoelic injection of 100 pL 10%
buffered formalin, immediately prior to submersion in the
same solution for 24 h. Larvae were cut into three sections,
head, middle and posterior (anus), and stored in 70% ethanol
prior to wax embedding. Briefly, each sample was dehy-
drated using an ethanol series, 70%, 80% and 90% for 1 h
each, followed by 3% 1 h 100% ethanol washes. Dehydrated
samples were washed twice in HistoClear or HistoChoice
(Sigma Aldrich) for 1 h each to remove any remaining
residues. Samples were resuspended in 50:50 HistoChoice:
paraffin wax for 1 h prior to complete wax embedding.
Embedded samples were cut into ~6 pm sections using a
microtome, adhered to glass slides with egg albumin solu-
tion (~ 1% w/v) and dried for 24 h before staining. Loaded
slides were stained using Cole’s haematoxylin and eosin (see
Supp. Materials for further details).

X-ray microtomography/microscopy of Galleria
mellonella

Larvae force-fed PBS were killed at 72 h and fixed with
10% formalin for 30 h, followed by dehydration in 100%
ethanol for 24 h. Samples were submerged in Lugol’s
iodine (PRO.LAB Diagnostics) for 2 weeks and washed
with 70% ethanol prior to microscopy. Insect samples were
analysed via X-ray microscopy (XRM) using a lab-based
Zeiss Xradia 520 (Carl Zeiss XRM, Pleasanton, CA, USA)
X-ray microscope attached to a CCD detector system
with scintillator-coupled visible light optics, and tungsten
transmission target. The specimen was placed in a plas-
tic screw-top microcentrifuge tube and submerged in 75%
ethanol to prevent the tissues from drying out. To achieve
a higher resolution over the entire organism, the insect was
imaged along its ~25 mm length at high resolution, using
an overlap-scan and stitching procedure including five
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individual scans, with 44% overlap between each scan. An
X-ray tube voltage of 80 kV and a tube current of 87 uA
were used with an exposure of 1000 ms and a total of 3201
projections. An objective lens giving an optical magnifica-
tion of 0.4 was selected with binning set to 2, producing an
isotropic voxel (3-D pixel) size of 8.5635 um. The individ-
ual tomograms were reconstructed from 2-D projections
and stitched into a single large volume using a Zeiss com-
mercial software package (XMReconstructor, Carl Zeiss),
utilising a cone-beam reconstruction algorithm based on
filtered back-projection. XMReconstructor was also used
to produce 2-D grey scale slices for subsequent analysis.
Drishti and Drishti Paint software V2.6.4. (Limaye 2012)
was employed to highlight regions of interest and digitally
segment the alimentary canal.

Data handling

All data were gathered from experiments carried out on at
least three independent occasions and are represented by
mean values + standard error (see individual figure leg-
ends for sample sizes). D’Agostino and Pearson normality
tests were performed, and if necessary, data were square-
root transformed. Results from survival studies were ana-
lysed using the log-rank (Mantel-Cox) test for comparing
curves, whereas larval pupation levels, total haemocyte
counts, cell deaths, and faecal/haemolymph microsphere
loads were analysed using 2- or 3-way ANOVA with Tuk-
ey’s multiple comparison tests in GraphPad Prism v7. A
Pearson’s Correlation test was employed to assess the rela-
tionship between microsphere size (0.5-6 um) and their
presence in the haemolymph of control larvae. Enzyme
assays, GST and SOD, were analysed in ‘R’ studio using
General Liner Hypotheses (ghlt). In all cases, differences
were considered significant when P <0.05.

Histology slides were single-blind assessed using paired
treatment (n=13) and control (n=13) samples from 4 to
72 h. A grading system (1-4) was used to categorise the
extent of tissue damage(s) or lack thereof (see Supp. Mate-
rials for descriptions). Drishti and Drishti Paint V2.6.4.
(Limaye 2012) and ImageJ (Abramoff et al. 2004) software
were used to process/present microscopy findings. Images
were adjusted for colour balance and contrast/brightness
only.
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Results

Evaluating the relative toxicity of indomethacin
on Galleria mellonella

Survival

Intrahaemocoelic injection of indomethacin had no measur-
able negative impacts on larval survival across the concen-
tration range 0.5-7.5 pg/larva (0% mortality), which is the
equivalent to 2-30 mg/kg in rodents. Oral administration of
indomethacin (force-feeding) in excess of 2.5 pg/larva led to
a 7-10% decline in survival within 72 h (Fig. 1) but was not
found to be statistically significant overall (log-rank (Man-
tel-Cox) test; X2(6)=11.71, P=0.0688). Further inspection
of the survival curves revealed no statistical differences
between the PBS/DMSO controls and either 2.5 pg/larva
(X*(1)=2.034, P=0.1538) or 5-7.5 pg/larva (X*(1)=3.105,
P=0.0780).

Development
Approximately 87% of untreated larvae transitioned into
pupae after 6 days incubation at 30 °C (experimental temper-

ature)—increasing to 97% by day 10 (Fig. 2). No more than
40% of G. mellonella force-fed indomethacin (0.5-7.5 pg/
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Fig.1 Survival of Galleria mellonella larvae following force-feeding
(gavage) of indomethacin, 0.5-7.5 ug/larva. Post-inoculation, larvae
were maintained in darkness at 30 °C for 72 h. Larvae that were unre-
sponsive to being rolled over or prodded were considered dead. Val-
ues are expressed as mean+SE (n=30 per treatment, 210 in total).
Inset: three healthy (untreated) G. mellonella larvae. It should be
noted that direct injection of indomethacin or PBS with 5% DMSO
(control) did not lead to any insect mortality
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Fig.2 Development (pupation) of Galleria mellonella larvae follow-
ing inoculation with indomethacin, 0.5-7.5 pg/larva. Larvae received
indomethacin via intrahaemocoelic injection (a) or force feeding (b)
and were maintained subsequently in darkness at 30 °C for 10 days.
The number of larvae undergoing pupation was recorded. Inset
(a): typical appearances of a healthy larva (left image) and a moth
pupa (right image). Values are expressed as mean+SE (n=30 per
treatment, 390 in total across both inoculation methods). Symbol:
**P<0.01 when comparing untreated to all other treatments at the
respective time points. The negative control consisted of force feed-
ing or injecting the insect with PBS containing 5% DMSO

larva) or PBS (+5% DMSO, absent indomethacin) were
observed pupating at day 6. By day 10, numbers of pupae
increased to 80-90% for injected larvae (Fig. 2a) and <63%
for force-fed larvae (Fig. 2b). Using a three-way ANOVA,
we determined time (Days 6 and 10) and inoculation
method (FF and INJ) to account for 38% (F(1, 24)=50.02,
P<0.0001) and 41% (F(1, 24)=54.19, P<0.0001) of the
variation, respectively. Less than 0.5% of the variation within
the data can be attributed to treatment: PBS + 5%DMSO

(negative control), 1 ug (low dose) and 7.5 pg (high dose)
indomethacin per larva (F(2, 24)=0.0833, P=0.92). Tuk-
ey’s multiple comparison (post hoc) tests revealed statistical
differences between the untreated insects and those force-fed
indomethacin or PBS only (Fig. 2b), with no differences
detected between mean values of injected insects at any
time-point. These data suggest the route of administration
alone can delay the onset of pupation, and it is unlikely due
to indomethacin exposure.

Circulating blood cells (haemocytes)

To investigate further any potential non-target effects of
indomethacin, we monitored immune cell (haemocyte)
numbers and levels of cell death within the insect haemo-
lymph (i.e., blood). Total haemocyte counts varied little in
untreated and PBS (+5% DMSO) control insects over the
72-h experimental period, 2.5-3 x 10°/mL and 2.7-3.7 x 10%
mL, respectively (Fig. 3). At 24 h post-inoculation, all con-
centrations of indomethacin injected into the haemolymph
led to substantial increases in haemocyte numbers (up to
5% 10%/mL) compared to the untreated/control (<2.8 X 10%/
mL; Fig. 3a). Force-feeding indomethacin led to increased
circulating haemocyte numbers at the highest dose of 7.5 pg/
larva only (4.4 % 10%/mL; Fig. 3b). In all cases, haemo-
cyte numbers returned to control levels by 48 h. A 2-way
ANOVA revealed treatment to account for 15-19% of the
variation within the data (INJ—F(4, 40)=4.488, P=0.0043;
FF—F(4, 40)=2.988, P=0.030). Time accounted for <5%
of the variation in force-fed insects (Time, F(3, 40)=1.033,
P=0.3884) but~30% for injected insects (Time, F(3,
40)=11.84, P<0.0001). These data likely reflect the unim-
peded exposure of haemocytes to indomethacin when it is
administered directly into the haemocoel (body cavity),
whereas the gut presents a natural barrier when administered
via force-feeding.

Concerning cytotoxicity, proportions of haemocytes
staining positively for trypan-blue (i.e., dead or dying)
ranged from 7 to 12% for the duration of the experiment—
regardless of the inoculation method used or dose of indo-
methacin (Fig. 3; Supp. Table 1).

Characterising the effects of indomethacin
on the midgut of Galleria mellonella

Alimentary canal mapping

Using X-ray microtomography, we mapped the alimentary
canal and integumentary musculature of G. mellonella lar-
vae (n=23) over their entire ~25 mm lengths with a reso-
lution of 8.6 um (Fig. 4a—c). Like most insects, the ali-
mentary canal can be sub-categorised into three regions:
foregut, midgut and hindgut (Fig. 4b). The midgut is
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Fig. 3 Haemocyte responses of Galleria mellonella larvae following
inoculation of indomethacin, 1-7.5 pg/larva. Larvae received indo-
methacin via intrahaemocoelic injection (a) or force feeding (b) and
were maintained subsequently in darkness at 30 °C for 3 days. Total
haemocyte counts were performed, and haemocyte viability was
determined using the trypan blue exclusion assay (dead cell numbers
are represented by the blue bars in a and b). Values are presented as
the mean + SE (n=36 per treatment, 324 in total across both inocula-
tion methods). Unshared letters (x, y) represent significant differences
(P<0.05) determined by Tukey’s multiple comparison tests. The
negative control consisted of force feeding or injecting the insect with
PBS containing 5% DMSO (colour figure online)

distinguishable from the fore- and hind-guts due to the
absence of a cuticle lining, and our measurements indicate
that the midgut tissues make-up >50% of the alimentary
canal (n=3) in this species. The midgut is arranged into
pleats or folds of columnar epithelial cells and goblet cells
that produce and maintain the peritrophic matrix (func-
tional equivalent to the human mucus layer). Visceral (stri-
ated) muscles surround the gut tissues (anchoring the cel-
lular arrangements in place) and represent the final layer
between the gut contents and the haemolymph.
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Anterior

Posterior

Fig.4 X-ray microtomography of Galleria mellonella. a 3-dimen-
sional render of a representative insect larva stained with Lugol’s
iodine. Striated muscle fibres are distributed throughout the insect—
muscles are attached to the integument and run through the cuticle
layers. b The entire alimentary canal of the insect larva was high-
lighted by manually inspecting and colouring 1014 slices using
Drishti software (Limaye 2012). FG, foregut; MG, midgut; HD, hind-
gut. ¢ Combined 3-dimensional render with the integument architec-
ture coloured yellow and the alimentary canal coloured green

Gut permeability

Indomethacin and NSAIDs broadly increase gastrointes-
tinal ‘leakiness’ in humans and rodents, with tissue dam-
age located in the small intestine and colon (Smecuol et al.
2001). In order to test whether indomethacin caused similar
pathological symptoms in the insect alimentary canal, we
force-fed G. mellonella inocula containing indomethacin (0,
1 or 7.5 pg/larva) and a selection of microspheres, 0.5-6 um
in diameter (Fig. 5). In the absence of indomethacin (PBS
[+5%DMSO] only), the majority of 6 um and 2 pm spheres
(36-58%) made their way down the alimentary canal and
were defecated within 24 h (Fig. 5a, b), whereas 1 um
spheres (33%) were released later at 48 h (Fig. 5c). The pres-
ence of indomethacin (1 or 7.5 pg/larva) led to substantial
increases in the number of microspheres (0.5-6 pm) detected
in the haemolymph (blood) and concomitantly fewer were
recovered from faeces. At 4 and 24 h post-indomethacin
treatment, 2.7-3.1 x 10* (6 um) spheres leaked from the
gut into the haemolymph in comparison to the control,
1.0-1.4x 10* (Fig. 5a). Notably, the presence of micro-
spheres in the haemolymph was recognised by phagocytic
haemocytes and subsequently internalised (Supp. Figure 1).
Independent of microsphere size, indomethacin exacerbated
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gut leakiness by 1.4- to 3-fold: 6 um (F(2, 24)=5.801,
P=0.0042), 2 um (F(2, 24)=11.04, P<0.0001), 1 pm
(F(2,24)=21.48, P<0.0001), and 0.5 um (F(2, 24)=22.75,
P <0.0001) and accounted for 9-30% of the variation in
haemolymph loads. In contrast, time accounted for the
majority of variation, 25-51%, in faecal microsphere loads:
6 um (F(3, 24)=17.38, P<0.0001), 2 um (F(3, 24)=3.57,
P=0.0288), 1 um (F(3, 24)=3.94, P=0.0204), and 0.5 um
(F(3, 24)=28.378, P=0.00006).

Overall, significantly fewer 0.5 um spheres made their
way into the faeces within 24 h and beyond (Fig. 5d). This
is likely due to the small size enabling movement across
the gut barrier, and, those that remain within the midgut
may get caught-up in tissue folds (Supp. Figure 2), thereby

delaying passage through the hindgut/rectum. By analys-
ing the control data (absent indomethacin) across the 72-h
period (Supp. Figure 3), we found a strong inverse corre-
lation between microsphere size and haemolymph loads
(Pearson Correlation; r=—0.988, P=0.0115, R?= 9.771)
in support of our theory.

Gastric damage of the midgut

We further examined the effects of force-feeding indometha-
cin (7.5 pg/larva) and PBS (+5%DMSO) on G. mellonella
larvae using wax (H&E) histology. The larval midgut in the
presence of PBS did not show any clear symptoms of dam-
age or altered tissue morphology (Fig. 6—upper panels).
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Fig.6 Gross histopathology of
the midgut tissues from control
and indomethacin-treated
Galleria mellonella. Photo-
micrographs depict transverse
sections of the midgut architec-
ture at 4, 24, 48 and 72 h after
force-feeding PBS (control—
upper panels) or indomethacin
(7.5 pg-lower panels). Black
boxes (broken lines) are used
to highlight magnified regions
of interest. Ap, apical; Ba,
basolateral; BB, brush border;
BC, body cavity; bl, blebbing/
blistering of the cells; BM,
basement membrane; ¢, colum-
nar epithelial cell; g, goblet
cell Lu, lumen; M, muscle; v,
vacuole. An asterisk (*) denotes
cellular damage and displace-
ment into the lumen, and black
arrows point to haemocytes
(immune cells) within the body
cavity (haemocoel). The nega-
tive control consisted of force
feeding the insect with PBS

(+5% DMSO) in the absence of

indomethacin (0 pg/larva)
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Uniform cellular arrangements of epithelial and goblet cells
were observed, in addition to an intact basement membrane
and visceral (striated) muscle layer. All control slides were
considered grade 1 (0-2 discrete changes), with the excep-
tion of a single section at the 48-h time point that was
assigned grade 2 (Supp. Figure 4). Following indomethacin
treatment, varying levels of tissue damage and midgut deg-
radation were visible within 4—48 h of all insects surveyed
(Fig. 6—lower panels). Tissue slides were assigned damage
grades 2 to 4 at 4 h, and grades 2/3 at 24 and 48 h (Supp.

Figure 4) — representing at least five aberrations per slide
(discrete, localised changes) to>50% compromised tis-
sue (global damage; Fig. 7). Deterioration of the larval gut
manifested as sloughed epithelial cells, increased vacuolisa-
tion, partial/complete displacement of the gut lining into the
lumen, cellular debris (or potential apoptotic bodies), mem-
brane blistering/blebbing, nuclear condensation (pyknosis)
and fragmentation (karyhorrhexis) (Figs. 6, 7). By 72 h, the
majority of slides were graded 1 and 2 (Supp. Figure 4),
which suggests the tissue is being repaired.
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Fig.7 Histopathology of compromised midgut tissues from Galleria
mellonella force-fed (7.5 pg) indomethacin. a Transverse section of
the larval midgut at 4 h post-treatment. The photomicrograph displays
severe global tissue damage, where almost the entire epithelium has
dissociated (sloughed) from the basement membrane and visceral
(Vi) muscle. The black arrows (all panels) signify the large number of

Fig. 8 Detoxification-associated
activities within Galleria
mellonella following force-
feeding of indomethacin,

0-7.5 pg/larva. Glutathione
S-transferase activity was
determined in the midgut (a)
and haemolymph (b) by the
change in 5-(2,4-dinitrophenyl)-
glutathione accumulation
(A340 nm). Superoxide dis-

a
6

H
1

N

A340/min/mg

cells displaced into the lumen (Lu). BC, body cavity (or haemocoel).
b, ¢ These photomicrographs are magnified regions of the black box
and asterisk, respectively. The epithelial cells are showing clear signs
of death: nuclear pyknosis (p) and cytoplasmic fragmentation (f), dis-
tinct vacuolisation (v) and cell disintegration/debris (potential apop-
totic bodies)
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Gut repair (detoxification)

Administration of indomethacin by force feeding led to
significant increases in glutathione-S-transferase (F(4,
40)=7.35, P=0.0002) and superoxide dismutase (F (4,
40)=2.635 P=0.0481) activities within the gut, but not in
the haemolymph (GST; F(4, 40)=0.5449, P=0.704 and
SOD; F(4,40)=0.801, P=0.515; Fig. 8). Larvae that were
inoculated with 7.5 pg indomethacin demonstrated con-
sistently higher levels of GST activity in the gut, 2.3-3.2
Abs[340 nm]/min/mg, when compared to all other treat-
ments/controls and timepoints (Fig. 8a), whereas SOD
activity peaked at 24 and 72 h, ~0.4 Abs[560 nm]/min/mg
(Fig. 8c). A two-way ANOVA revealed time to be a sig-
nificant factor regarding SOD activity (F(3, 40)=4.266,
P=0.0105), but this was not the case for GST (F(3,
40)=2.584, P=0.067). These patterns of enzyme activ-
ity complement the restored nature of the midgut tissues
seen at 72 h in the histology (Fig. 6). Detoxification-asso-
ciated activities in the haemolymph remained below 0.32
Abs[340 nm]/min/mg for GST and 0.15 Abs[560 nm]/
min/mg for SOD (Fig. 8b, d)—indicating strongly that the
adverse effects of indomethacin were restricted to the gut.

Discussion

We assessed the relative toxicity of indomethacin in insect
larvae via gavage (force-feeding) and intrahaemocoelic
injection across a concentration range relevant to rodent
models, 2-30 mg/kg (0.5-7.5 pg/larva), and found negligi-
ble side effects in terms of survival, development or immune
cytotoxicity (Figs. 1, 2, 3). When force-fed, larvae displayed
broad symptoms of injury to the alimentary canal (Figs. 5,
6,7, 8), e.g., a threefold increase in gut permeability and
tissue degradation. We present considerable evidence that
the integrity of the midgut is compromised by indometha-
cin within 4 to 24 h, causing sufficient damage to activate
repair/detoxification mechanisms (GST and SOD). The onset
of indomethacin-associated gut leakiness has also been
recorded within 24 h in humans and mice, alongside ulcera-
tion and epithelial cell shrinkage (Playford et al. 1999, 2001;
Bjarnason and Takeuchi 2009). Our combined use of X-ray
microtomography and wax histology provides novel insight
into the gross anatomy of the G. mellonella digestive tract—
highlighting the suitability of the midgut for comparative
pathobiology (Figs. 4, 5, 6, 7, Supp. Figure 2).
Indomethacin is a broad inhibitor of cyclooxygenase
isozymes (COX1 and COX2), which are responsible for the
initiation of prostaglandin synthesis (PGG,), and ultimately,
the maintenance of inflammatory programmes and gastroin-
testinal mucosa (reviewed by Brune and Patrignani 2015).
In a previous study by Biiyiikgiizel et al. (2007), eicosanoid

presence in the haemolymph was deemed essential for medi-
ating nodule formation—a cellular defence reaction—dur-
ing viremia. When they injected 50 ug of indomethacin
into the haemocoel, there was a significant reduction in the
number of nodules formed. We did not notice a reduction
in the phagocytic capacity of haemocytes in insects force-
fed 7.5 pg indomethacin and latex microspheres (Supp.
Figure 1), which is also in contrast to earlier findings by
Mandato et al. (1997). The authors reported on a reduc-
tion in the phagocytic index of G. mellonella haemocytes
when exposed to 10 uM indomethacin in vitro (Mandato
et al. 1997). A likely explanation for this discrepancy is
that the majority of force-fed indomethacin remains in the
midgut of our insects, despite the microspheres leaking into
the surrounding haemolymph (where they are targeted by
haemocytes; Supp. Figure 1). The immune cells of insects,
namely the haemocytes, share many mechanistic and struc-
tural similarities with the innate immune cells of vertebrates,
including pathogen recognition receptor signalling and
phagocytosis-associated respiratory burst (Renwick et al.
2007; Browne et al. 2013; Butt et al. 2016). Mandato et al.
(1997) and Biiyiikgiizel et al. (2007) describe the immune-
interference of indomethacin, and in addition to our observa-
tions of indomethacin-induced gut impairment, we consider
that eicosanoid-like signalling should be added to the list of
functional similarities between the innate immune systems
of insects and vertebrates.

Galleria mellonella as an alternative animal model

The fruit fly Drosophila melanogaster is a superior genetic
resource and over the past decade has been manipulated to
gain novel insight into stem cell fate, immunity, antibiosis
and homeostasis in the gut (Buchon et al. 2009; Chandler
et al. 2011; Broderick and Lemaitre 2012; Miguel-Aliaga
et al. 2018). Only recently, the genome of G. mellonella
was made available (Lange et al. 2018a), yet it stands unan-
notated. Furthermore, despite wax-moth larvae being used
widespread as a screening tool for novel therapeutics, path-
ogenicity, and toxicology (reviewed by Tsai et al. 2016),
there remains a historical lag in molecular resources with the
exception of some transcriptomic and miRNA data (Vogel
et al. 2011; Mukherjee and Vilcinskas 2014). The financial
and ethical incentives for using insect larvae over rodents
and zebrafish are attractive, and so, we propose that verte-
brates could be replaced partially for gut pathobiology. Wax-
moth larvae are larger than traditional models like nema-
todes and drosophilids—this has two distinct advantages: (1)
accurate doses can be administered orally (force-feeding),
and (2) gram quantities of gut tissue can be obtained eas-
ily for downstream processing. Unlike other insect orders,
the midgut of lepidopteran larvae represent the majority of
tissue along the alimentary canal (mouth to anus; Fig. 4)
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and contains a specialised cell type, namely the goblet cell
(Fig. 6), which is also found in the human intestine (Engel
and Moran 2013; Linser and Dinglasan 2014).

The most common larval inoculation technique is intra-
haemocoelic injection of test compounds/microbes; how-
ever, force-feeding G. mellonella (i.e., gavage) is an emerg-
ing practice. When screening common food preservatives
(e.g., potassium nitrate), Maguire et al. (2016) obtained
comparable toxicology data (LDs,) between insect larvae,
human cell lines (HEp-2) and rats. We recently provided evi-
dence that larvae can also be used to assess the lethality and
putative immune-toxicological effects of shellfish poisoning
toxins (e.g., okadaic acid) at FDA-regulated levels in con-
taminated foods (Coates et al. 2019). Okadaic acid that was
force-fed to insects disrupted midgut homeostasis, leading
to detrimental levels of lipid peroxidation (malondialdehyde
accumulation) in a dose-dependent manner—resembling
symptoms found often in the standardised mouse bioas-
say. Lange et al. (2018b) proved that G. mellonella could
differentiate between an enteric symbiont (Bacteroides
vulgatus) and pathobiont (Escherichia coli), and mount a
strong immune response involving reaction oxygen/nitrogen
species. Oral administration of the pathogen stimulated the
up-regulation of immune-recognition genes in insects (e.g.,
apolipophorin IIT) and mice (e.g., Cd14) alike. Interestingly,
oral exposure of G. mellonella larvae to caffeine led to ele-
vated levels of theobromine and theophylline in the haemo-
lymph—suggesting that caffeine metabolism in this insect
is similar to the process in mammals (Maguire et al. 2017).

A better understanding of G. mellonella’s alimentary
canal should assist insecticide development (e.g., boric acid
and biopesticides, Biiyiikgiizel et al. 2013; Grizanova et al.
2014) as lepidopteran insects represent a sizeable number
of devastating agricultural pests (e.g., Spodoptera littoralis;
Linser and Dinglasan 2014). A key difference between the
digestive systems of vertebrates and insects is the presence
of phenoloxidase (PO) enzymes (Whitten and Coates 2017).
Phenoloxidases are responsible for the early processing of
pigment precursors (quinones) into melanin, which plays
several roles in development and immunity. Insect faeces are
melanised upon release, and although the function of this is
unclear, presumably it is due to gut phenoloxidase-activities
and their oxidising/nitrosative by-products maintaining resi-
dent microbial populations from over-growing (Whitten and
Coates 2017). The gut microbiomes of insects are diverse
and tend to be species specific—influenced invariably by
diet and environmental factors (Engel and Moran 2013). Few
studies have focussed on the G. mellonella gut microbiome,
yet representatives of the Bacteroidetes, Firmicutes and Pro-
teobacteria are homologous to the biota on microvilli of the
human intestinal crypts (Mukherjee et al. 2013b; Dubovskiy
et al. 2016). Further work is needed to profile the residents
of the insect gut, including fungi, viruses and Archaea. This

@ Springer

is a timely topic, as wax-moth larvae are capable of degrad-
ing plastic (polypropylene; Bombelli et al. 2017)—likely
facilitated by the microbial consortium of their alimentary
canal.

Concluding remarks

We investigated the physiological effects of indomethacin
on G. mellonella, providing compelling evidence that indo-
methacin exposure leads to tissue damage, cell death, gut
leakiness, and REDOX imbalance in insect larvae. This
mimics closely the pathological symptoms of their rodent
counterparts. We describe the functional/structural similari-
ties of lepidopteran midgut tissues to those found in regions
of the human gastrointestinal tract. Our data reinforce the
use of G. mellonella as a surrogate toxicology model, with
a focus on screening nutraceuticals and food additives.
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