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CONCURRENT IRON OVERLOAD AND NEOPLASIA IN
LESCHENAULT’S ROUSETTES (ROUSETTUS LESCHENAULTII):
A CASE SERIES

Renata Snow, MA, VetMB, MVetSci, MRCVS, May Tse, BYM&S, MRCVS, DACVP,
Fraser Hill, BVSc, FANZCVS, Yan Ru Choi, BSc(Hons), Julia Beatty, BSc(Hons), BVetMed,
PhD, FANZCYVS, FRCVS, and Alessandro Grioni, DMV, MVS, DipACCM, MRCVS

Abstract: This case series investigates a cluster of deaths in a captive colony of Leschenault’s rousettes (Rousettus
leschenaultii). Six of seven bats that died between March and September 2021 were diagnosed postmortem with
both iron overload (I0) and neoplasia, neither of which have previously been reported in this species. Iron status
was assessed via hepatic histopathological grading, hepatic iron concentration, and, in two cases, serum iron con-
centration. On histopathological grading, all cases had hemochromatosis except one, which had hemosiderosis.
Hepatic iron concentrations did not correlate with histopathological grading. Neoplasms in these six bats included
hepatocellular carcinoma (HCC; 4), bronchioloalveolar adenocarcinoma (1), pancreatic adenocarcinoma (1), and
sarcoma of the spleen and stomach (1). One bat had two neoplasms (HCC and sarcoma of the spleen and stomach).
One additional case of HCC in 2018 was identified on retrospective case review. Etiology was investigated to the
extent possible in a clinical setting. Nutritional analysis and drinking water testing found oral iron intake within
acceptable bounds; however, dietary vitamin C was potentially excessive and may have contributed to I0. Panhe-
padnavirus PCR testing of liver tissue was negative for all bats. A species-associated susceptibility to IO, as seen
in Egyptian fruit bats (Rousettus aegyptiacus), is possible. The high incidence of HCC is suspected to be related to
10; other differentials include viral infection. Causes or contributing factors were not definitively identified for the
other neoplasms seen but could include age, inherited risk (given a high level of inbreeding), or an oncogenic virus.
Pending further research in this species, it is recommended that keepers of Leschenault’s rousettes offer conserva-
tive amounts of vitamin C and iron (as for Egyptian fruit bats), submit for postmortem examination any euthanized
or found dead, and share records of similar cases.

INTRODUCTION have been documented in multiple bat species. Of
these, the Egyptian fruit bat (EFB; Rousettus aegyp-
tiacus) dominates the literature: the species is com-
monly kept in captivity, and hemochromatosis is a
key cause of morbidity and mortality in captive
EFB.?* Hemochromatosis has also been reported
in a straw-colored fruit bat (Eidolon helvum)*® and
the long-haired rousette (Stenonycteris lanosus, for-
merly Rousettus lanosus),'> and hemosiderosis is

This case series investigates a cluster of mortality
in a captive colony of Leschenault’s rousettes (LR;
Rousettus leschenaultii). Six of seven individuals that
died or were euthanized between March and Sep-
tember 2021 were found on necropsy to have both
iron overload (IO; either hemosiderosis or hemo-
chromatosis) and neoplasia. Neither IO nor neo-
plasia has previously been reported in this species.

Hemosiderosis (iron accumulation without associ-
ated pathological changes®*?*) and hemochromatosis
(iron storage disease; significant IO with associ-
ated tissue damage, e.g. fibrosis and necrosis?*2°)
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the online version only.

reported in the Indian flying fox (Pteropus medius,
formerly Pteropus giganteus) and the gray-headed
flying fox (Pteropus poliocephalus).’ Although some
EFB cases have been associated with high dietary
iron concentration,’ in general the reasons for the
susceptibility of this species remain unclear.*® Sug-
gested explanations include high dietary vitamin C
concentration resulting in increased iron absorp-
tion;>!? high capacity for iron absorption as an
adaptation to low iron availability in the wild;'>?*
and differences in iron regulation and storage among
bat species.*®

A wide range of neoplasms has been reported
in bats. Once again, EFB dominate the literature,
with documented neoplasms in this species including
bronchioloalveolar adenoma,®?* pancreatic carci-
noma,® hepatocellular carcinoma (HCC),?* hepato-
cellular adenoma,?* cholangiocarcinoma,?* hepatic
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carcinoid,?* pulmonary sarcomatoid carcinoma,?®
renal adenocarcinoma,?* urinary bladder transi-
tional cell carcinoma,?* mammary adenoma,?*
parathyroid adenoma,?* basosquamous carcinoma
of the wing membranes,?® sebaceous epithelioma
of haired skin,?* extraskeletal osteosarcoma of the
antebrachium,>® leiomyosarcoma of the duodenum
and of the dorsal subcutis,*>® fibrosarcoma of the
face,3* anaplastic sarcoma of the shoulder,>* oral
sarcoma,’* and cutaneous lymphoma.?* Occasion-
ally, etiological factors have been identified or sug-
gested: a microchip-associated leiomyosarcoma3®
and papillomavirus infection in a case of basosqua-
mous carcinoma.?® Of relevance to this case series,
one retrospective multi-institutional study found
that EFB with hemochromatosis were significantly
more likely to have HCC than EFB with hepatic
hemosiderosis.?*

Associations between 10 and HCC are well doc-
umented in humans,'®2%33 but the exact role
iron plays in carcinogenesis is still being deter-
mined.!!%3¢ Other conditions that cause, or
increase risk of, cirrhosis and HCC (e.g. hepatitis
B virus infection, hepatitis C virus infection, and
alcohol abuse) have been considered as confound-
ing factors in the study of iron-driven carcinogene-
sis;>*2% however, research shows that iron itself is
involved in the pathogenesis of those conditions
and thus can act as a co-risk factor for HCC.3®
Studies of iron as a potential risk factor for non-
hepatic cancer in humans have had conflicting
results.'# Literature on iron status and neoplasia
risk is lacking for other species but includes an
experimental study in rats, which suggested that
dietary IO may be directly hepatocarcinogenic.!
One retrospective postmortem study identified
five cases of hepatocellular neoplasia and three of
nonhepatic neoplasia among 37 captive birds of
diverse species with hepatic 10; however, neoplasia
rates in birds without hepatic IO were not provided
for comparison.*’> Another retrospective study, of
captive prosimians with hepatocellular neoplasia,
found no correlation between liver iron levels and
presence or absence of hepatocellular neoplasia.*®
As in humans, potential confounding factors exist.
For example, hepadnavirus (hepatitis B-like virus)
infections are associated with HCC in rodents in
the family Sciuridae.” In bats, numerous hepadna-
viruses have been discovered, the pathogenic poten-
tial of which is unclear.?’

This case series describes a cluster of six deaths
of LR with concurrent IO and neoplasia, plus two
pertinent supplementary cases. Relevant gross and
microscopic necropsy findings are reported for
each bat, followed by results from the subsequent
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investigation. The latter include tissue mineral
analysis, water testing, nutritional analysis, and
hepadnavirus PCR. It is hoped that examination
of potential contributors to pathology will enable
better management of this species in captivity and
identification of areas requiring further study in
wild populations.

CASE REPORTS
Colony overview

The cases presented are from a captive colony
of LR that has existed for 20 yr at Kadoorie Farm
and Botanic Garden (KFBG), Hong Kong SAR,
China. The founding group of three individuals
were casualties of wild local origin that were non-
releasable and so were kept for educational dis-
play. They bred among themselves until 2015,
when the males were castrated. By 2021, the colony
consisted of approximately 40 individuals, all cap-
tive born, aged 6-18 yr. Owing to uncertainty over
some birth dates, and replacement of microchips
over the years, most ages are estimates. The bats
are housed in a part-outdoor, part-indoor, mixed-
species exhibit with several small- to medium-sized
passerines. Their diet consists of chopped mixed
fruit, commercial fruit bat gel (product code SM3U,
Mazuri Exotic Animal Nutrition, St. Louis, Mis-
souri 63166, USA) and small amounts of Avipro
Plus and Arkvits supplements (both from Vetark,
Winchester SO23 9SQ, United Kingdom).

Concerns were first raised when two bats (LR1,
LR2) died in close succession in March-April 2021
with similar postmortem findings: hepatomegaly
on gross examination, and hemochromatosis and
neoplasia on microscopy. Subsequent physical
examination of the entire colony identified two
more individuals (LR3, LR4) with abdominal orga-
nomegaly. Following euthanasia, these too were
diagnosed with hemosiderosis or hemochromato-
sis and neoplasia. In September 2021, two further
bats (LR5, LR6) were found dead with hemochro-
matosis and neoplasia. Retrospective review of
institutional necropsy records identified only one
similar case, an LR euthanized in 2018 (Supple-
mentary Case A [SCA]). Also included for context
is the only other LR that died in the same time
period as this case series, a geriatric bat euthanized
for reasons unrelated to IO or neoplasia, with no
antemortem indicators of either disease process
(Supplementary Case B [SCB]).

Investigation overview

KFBG veterinarians performed all antemor-
tem imaging and sampling, conducted gross
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necropsies, and collected postmortem tissue
samples. In two cases (LR3, LR4), blood for
serum iron testing was drawn from the heart
under general anesthesia immediately prior to
euthanasia. In all cases except SCA, postmortem
sampling included most major thoracic and
abdominal organs. For SCA, only the liver was
sampled at necropsy and no further samples were
available.

Tissue samples collected into 10% neutral buffered
formalin were sent to City University Veterinary
Diagnostic Laboratory, examined macroscopi-
cally, and cut into tissue blocks before being
processed routinely overnight by standard histopa-
thology methods, embedded in paraffin wax, cut at
4 pm thick, and stained with H&E.

After evaluation, some sections were stained with
Masson’s trichrome stain to evaluate fibrous tissue,
and all abnormal tissue and liver samples were
stained with Perls’ Prussian blue to highlight iron.

Board-certified veterinary pathologists at City
University Veterinary Diagnostic Laboratory
reviewed all slides. No specific diagnostic criteria
exist for histopathological examination of neopla-
sia in bats, so diagnostic criteria and classifications
of neoplasia in domestic animals were utilized.®3!#7
Hepatic histological grading for IO (including iron
deposition, fibrosis and necrosis) was done follow-
ing published grading systems previously developed
for EFB.!22* 10 was classified as hemochromatosis
where iron deposition was associated with hepatic
fibrosis, necrosis (more than 10 necrotic cells per
hundred x400 fields), or both.?* Cholestasis and
biliary hyperplasia were also graded for reference,
using, respectively, a scale developed for humans?®
and a scale developed by the authors.

Tissue, serum, and drinking water quantitative
iron analyses were performed by external accred-
ited laboratories. Spearman rank correlation coeffi-
cient was used to assess monotonic association
between hepatic iron concentration and hepatic
histological grading score (calculated as the sum
of iron deposition, fibrosis, and necrosis scores;
not including scores for cholestasis and biliary
hyperplasia). Nutritional composition of the bats’
diet was calculated manually using data from the
gel and supplement manufacturers and (for fruit)
publicly available data published by the United
States Department of Agriculture!® and Food
Standards Australia & New Zealand.?

Panhepadnavirus PCR testing of liver-derived
DNA samples was performed for all cases except
SCA. DNA was extracted from 10-pm sections of
formalin-fixed paraffin-embedded liver tissue using
DNeasy Blood & Tissue Kits (Qiagen GmbH,
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Hilden 40724, Germany) as described previ-
ously.?® DNA integrity was confirmed by con-
ventional PCR for GAPDH,? with all samples
generating the expected 80-bp product on gel
electrophoresis.

Liver-derived DNA was next investigated using
two different nested PCR protocols for hepadnavi-
rus detection. The first used degenerate primers
from a previous study*® that were adapted follow-
ing alignment of hepadnavirus genomes available
in the National Center for Biotechnology Informa-
tion database (primer HBV-pol-F2_2 in Supplemen-
tary Table 1). Each reaction contained 100-170 ng of
template DNA. First-round PCR reactions were per-
formed using DreamTaq™ Hot Start Green DNA
Polymerase (Thermo Fisher Scientific, Vilnius
02241, Lithuania), dNTP (Thermo Fisher Scien-
tific) at a final concentration of 200 uM, and prim-
ers at a final concentration of 500 nM. Thermal
cycling consisted of an initial denaturation at 95°C
for 3 min, followed by 35 cycles of denaturation at
95°C for 30 s, annealing at 58°C for 30 s, and exten-
sion step at 72°C for 1 min, before a final extension
step at 72°C for 10 min. One microliter of the PCR
product from the first round was used as template
for the second round. The thermal cycling protocol
for the second round was identical to that of the first
except that the annealing temperature was 59°C.
No-template (molecular-grade water) and posi-
tive (domestic cat hepadnavirus positive whole-
blood-derived DNA) controls were included in all
conventional PCR assays. Products were resolved
using 1.5% agarose gel electrophoresis.

The second nested panhepadnavirus PCR used
primers described previously** (Supplementary
Table 1) and was carried out as above, except
that an annealing temperature of 55°C was used
for both rounds.

Individual case reports

Pertinent historical, antemortem, gross necropsy,
and histopathological findings for the six main
cases and two supplementary cases are described
below. Signalment and key diagnoses are summa-
rized in Table 1. Details of locations and extent of
hepatic iron deposition and pathology are presented
in Table 2.

Case 1: LR1, 9 yr, male, died March 2021: Bat
LR1 was found dead in its enclosure. Gross nec-
ropsy revealed severe enlargement of the liver,
which was diffusely red-black and congested, with
prominent rounding of the liver margins and
reduced distinction between lobes. The small
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intravascular metastatic cells in liver

Hepatocellular carcinoma

None detected

Euthanized for presumed neoplasia
Euthanized for osteoarthritis

> Z

ud
Y

E, Sep 2018
E, Apr 2021

SCA
SCB

2 D, died naturally; E, euthanized.

b As assessed by histological examination of liver.

€Y, yes; N, no; U, unknown.

94 Insufficient nonneoplastic hepatic parenchyma available for examination.

intestine had extensive intraluminal hemorrhage and
a few fibrinous adhesions between intestinal loops.

Histologically, the liver showed changes consis-
tent with an irregular and highly infiltrative HCC.
In addition, in the relatively normal parenchyma
there was prominent precipitation of diffuse hemo-
siderin deposition, as well as portal fibrosis, biliary
hyperplasia, canalicular bile stasis, and occasional
midzonal and periportal individual necrotic hepa-
tocytes associated with iron deposition.

Case 2: LR2, 6 yr, female, died April 2021: Bat
LR2 presented weak and icteric with abdominal
distension. Ultrasound showed a heterogenous,
hypoechoic mass occupying most of the abdomen.
The bat died minutes later. Necropsy found the
mass to be a severely enlarged liver extending
three-quarters of the way from the diaphragm to
the pelvic inlet, with rounded edges and reduced
distinction between lobes. The majority of the liver
was dark red and included some poorly defined
10-20-mm-diameter yellow foci, but along the mid-
line of the liver there was a clearly delineated
7-9-mm-wide green zone from the diaphragmatic
aspect of the hilar region to the caudal lobe margin.
Low numbers of light-yellow nodules <5 mm in
diameter were present on the peripancreatic mes-
entery. A moderate serosanguinous peritoneal effu-
sion was also present.

Histological examination revealed an exocrine
pancreatic adenocarcinoma effacing the pancreas.
Metastatic neoplastic cells were seen throughout
the liver as an irregular mass associated with exten-
sive necrosis and hemorrhage, and in the intestinal
serosa and lungs as small nodules and intravascu-
lar aggregates of up to 100 cells.

Within the nonneoplastic section of the liver
were portal fibrosis, biliary hyperplasia, prominent
bile stasis, dense precipitates of diffuse hemosid-
erin deposition, and random occasional individual
necrotic hepatocytes associated with hemosiderin
deposition.

Case 3: LR3, 8 yr, female, died April 2021: A
large abdominal mass was palpated in LR3 dur-
ing physical examination of the whole colony.
LR3 was anesthetized with isoflurane in oxygen
via mask for imaging, blood sampling, and eutha-
nasia. Radiographs showed a discrete soft tissue
radiopacity extending from the cranioventral abdo-
men to the ilia on the lateral view and causing
severe, asymmetrical distension of the abdominal
wall on the ventrodorsal view. Ultrasound showed
a mixed-echogenicity soft tissue structure occupy-
ing most of the abdomen and displacing intestinal
loops. Blood was drawn for serum iron testing (see
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Figure 1.

Gross necropsy photographs of a Leschenault’s rousette (Rousettus leschenaultii; patient ID LR3). A.

Liver in situ, extending halfway from the diaphragm to the pelvic inlet. B. Liver, spleen, stomach, and intestines
of LR3 after removal from the abdominal cavity. The liver was diffusely enlarged. One lobe (indicated by for-
ceps) was multinodular and mottled tan, brown, and red. The spleen (right of image) had a well demarcated
pale pink area, and was adhered to the stomach. (Image credit: Kadoorie Farm and Botanic Garden).

“Iron quantification” below) immediately prior to
euthanasia.

On necropsy, the liver was enlarged, extending
half of the way from the diaphragm to the pelvic
inlet (Fig. 1A). Low numbers of 2-3-mm-diameter,
yellow-brown foci were present near the margins
bilaterally. One lobe was multinodular and mottled
tan, brown, and red (Fig. 1B) and had a caseous
consistency on cut section. The dorsal pole of the
spleen was adhered to the body wall by a band of
white, fibrous tissue, and the ventral pole had a
focal region of pale pink tissue adhered to the stom-
ach. The stomach wall was diffusely white, thick-
ened, and firm.

Histological examination of the stomach identi-
fied a tumor composed of neoplastic spindle cells
consistent with a sarcoma expanding the muscula-
ris, submucosa, and mucosa. The overlying gastric
mucosa was focally ulcerated. Similar neoplastic
spindle cells were found replacing the parenchyma
of the spleen.

In the liver, histological changes were consistent
with HCC (Fig. 2). The tumor was multifocally dis-
torted by bands of fibrous tissue and multifocal,
randomly distributed areas of coagulative necrosis.

In the remaining parenchyma, there was diffuse
deposition of hemosiderin.

Case 4: LR4, 5 yr, female, died June 2021: Dur-
ing the same screening that detected LR3, a much
smaller abdominal mass was palpated in LR4. LR4
was anesthetized for further workup; the mass was
not visible on radiographs, but a 1.08 X 0.81-cm
hypoechoic structure was seen in the cranial abdo-
men on ultrasound. Because the mass was small
and the bat was otherwise clinically normal, veter-
inary staff elected to reassess in 1 mon, with the
keepers to monitor closely in the meantime (fur on

the bat’s shoulders was bleached to facilitate iden-
tification). At reexamination, no abdominal mass
could be found on palpation, radiographs, or ultra-
sound. However, the distal interphalangeal joint of
digit IIT of the left forelimb was noted to be swol-
len and erythematous. The bat was hospitalized
and prescribed a course of amoxicillin clavula-
nate (Glaxo Wellcome Production, ZI de la Peyen-
niére, Mayenne 53100, France; 21.5 mg/kg PO
ql12h) and meloxicam (Boehringer Ingelheim,
North Ryde, New South Wales 2113, Australia;
0.3 mg/kg PO q12h). Over the next week, the inter-
phalangeal joints of digit III of the right forelimb
also became swollen and abraded, and the swollen
joints began to exude serous liquid. The bat was
anesthetized and blood was drawn for serum iron
testing immediately prior to euthanasia.

On necropsy, the liver was dark red with three
to four poorly defined 10-mm-diameter yellow—
brown foci, one of which was gray and fibrous on
cut section.

Histological examination revealed HCC. In the
rest of the liver, there was diffuse hemosiderin
deposition, biliary hyperplasia, portal infiltrates of
large numbers of hemosiderin-laden macrophages
and fewer lymphocytes and neutrophils, and portal
fibrosis with multifocal extensive bridging fibrosis
associated with regenerative nodules, consistent
with cirrhosis. Centrilobular and midzonal hepato-
cytes in small to moderate groups, and to a lesser
extent periportal hepatocytes, were often necrotic
and associated with hemosiderin deposition.

Histopathology of the connective tissue surround-
ing the interphalangeal joint identified moderate,
necrotizing, neutrophilic and histiocytic cellulitis,
without cartilage or bone involvement but with
ulceration, epidermal hyperplasia, intralesional
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Figure 2. Histopathology (H&E stain) of the liver
from a Leschenault’s rousette (Rousettus leschenaultii;
patient ID LR3). A. The abnormal liver was com-
posed of neoplastic cells resembling hepatocytes
forming disorganized hepatic cords of up to 20 cells
thick. B. A higher magnification of (A) showing
marked anisokaryosis and anisocytosis among neo-
plastic cells. (Image credit: CityU VDL).

free hair shafts, and surface yeasts with similar
morphology to Malassezia sp. organisms.

Case 5: LR5, 10 yr, female, died September
2021: Bat LR5 was found dead. Necropsy
revealed 2-4-mm-diameter, spherical masses
throughout the liver, replacing most of the normal
liver tissue. The liver had patchy yellow, tan, and
green discoloration.

On histological examination, approximately 60%
of examined sections of the liver parenchyma was
replaced by HCC. In the rest of the parenchyma
the connective tissue of medium and large portal
tracts often had small to large numbers of hemo-
siderin-laden macrophages, fewer lymphocytes, and
occasional neutrophils, as well as fibrosis. Frequent
extensive bridging fibrosis separated the regenerat-
ing hepatic parenchyma, consistent with cirrhosis.
Cholestasis was present. Multifocal random clusters
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of necrotic hepatocytes were associated with
replacement hemorrhage, neutrophils, and lym-
phocytes. There was diffuse hemosiderin deposi-
tion associated with frequent individual necrotic
hepatocytes.

Case 6: LR6, 10 yr, female, died September
2021: Bat LR6 was found dead. On necropsy,
the left side of the liver had a lobulated mass, of
which one lobule was tan and firm and the other
lobules were red to black and friable. There was a
moderate left-sided hemothorax. Three 2-5-mm-
diameter red to black masses were present on the
pericardium and in the lungs.

On histological examination, expanding, replac-
ing, and compressing the normal pulmonary paren-
chyma were multiple foci of bronchioloalveolar
adenocarcinoma composed of neoplastic polyg-
onal to cuboidal cells forming acinar and papil-
lary structures supported by a fine fibrovascular
stroma. Within the neoplasm were variable areas of
congestion, hemorrhage, fibrin precipitates, and
coagulative necrosis. Neoplastic cells extended into
the lumen of airways and onto the pleural surface.

In the liver, bronchioloalveolar adenocarcinoma
emboli were visible in the lumen of two major veins
with confluent necrosis involving all zones in one of
the lobules. The connective tissue of portal tracts
often had a small to moderate infiltrate of hemosid-
erin-laden macrophages and a few lymphocytes, on
a background of portal fibrosis with occasional
extensive bridging fibrosis (Fig. 3). There were
occasional individual necrotic hepatocytes and
rare small groups of periportal necrotic hepatocytes
associated with diffuse hemosiderin deposition.

SCA: 8yr, female, died September 2018: This
case was identified retrospectively; only basic gross
necropsy records, slides of liver sections, and the
original hepatic histopathology report were avail-
able for reference. The bat initially presented for
failure to fly but physical examination found no
significant abnormalities. Empirical treatment with
meloxicam (0.2 mg/kg PO q24h) and rest was
unsuccessful. Two weeks later, icterus and abdomi-
nal distension were noted and the bat was eutha-
nized. Gross necropsy revealed hepatomegaly,
including one large multilobular intrahepatic mass
along with multifocal green hepatic nodules.

Histological examination revealed HCC in the
liver. Within the neoplasm there was frequent can-
alicular cholestasis and occasional random, moder-
ate to large areas of necrosis. Kupffer cells within
the minimal, highly compressed, remnant hepatic
parenchyma were filled with hemosiderin.

SCB: 17 yr, female, died April 2021: During
the same time period as Cases 1-6, this geriatric
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Figure 3. Histopathology (H&E stain, Perls’ Prussian
blue stain, and Masson’s trichrome stain) of the liver
from a Leschenault’s rousette (Rousettus leschenaulltii;
patient ID LR6). A. The portal tract connective tissue
was variably expanded by fibrosis with biliary prolifer-
ation, brown pigment-laden macrophages, and occa-
sional individual to groups of necrotic hepatocytes.
The portal fibrosis extended to the neighboring portal
tract. B. Perls’ Prussian blue stain of (A) highlights
iron-stained (blue) macrophages denser in the portal
tracts, hepatocytes, and Kupffer cells. C. Masson’s tri-
chrome stain of (A) highlights the collagen bundles in
the portal tract. (Image credit: CityU VDL).
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bat was found on the ground. It was euthanized
after radiographs found severe osteoarthritis of
multiple joints (including both shoulders, the prox-
imal and middle interphalangeal joints of digit II1
of the left forelimb, and the proximal and distal
interphalangeal joints of digit III of the right fore-
limb), as well as moderate ventral spondylosis
deformans of T11-T12, T12-T13, L2-L3, L3-1L4
and L4-S1. On necropsy, the lungs were congested
and had white-tan margins (which histological
examination found most likely to be lipid and an
age-related change). The internal organs were oth-
erwise grossly normal.

On histological examination of the liver, rare
random hepatocytes contained macrovesicular lipid
vacuoles. Occasional individual necrotic hepato-
cytes were scattered through the hepatic paren-
chyma with increased numbers of necrotic cells
around portal areas, associated with diffuse hemo-
siderin deposition. Unlike the other bats in this
case series, SCB had no gross or histological evi-
dence of neoplasia.

Iron quantification

The first cases in this cluster raised concerns
regarding iron status, so efforts were made to quan-
tify the degree of overload. Quantification was not
possible for retrospective case SCA, because no
archived tissue samples were available and there
was insufficient remnant hepatic parenchyma for
full histological grading.

Serum iron testing: This was performed in two
cases, LR3 and LR4, with results of 21.4 umol/L
and 105.5 umol/L respectively.

Mineral analysis: Liver iron concentrations
ranged from 6.0 to 49.9 mmol/kg wet weight
(Table 2), approximately equivalent to 1,105.7-
9,196.0 mg/kg dry weight.

Hepatic histological grading: Histological grad-
ing for degree of iron deposition, fibrosis, and
necrosis was performed (Table 2). All seven bats
assessed had moderate to large amounts of iron
deposition within parenchymal cells and Kupffer
cells, followed by portal tract macrophages or as
extracellular aggregates in portal tracts, and in bili-
ary epithelium, in decreasing severity. Hemochro-
matosis (fibrosis and/or necrosis associated with
iron deposition) was identified in six of the seven.
In the remaining bat, LR3, only hemosiderosis was
present.

There was no statistically significant mono-
tonic association between hepatic iron concen-
tration and total histological grading score (r, =
-0.108,n =17, P =0.818).
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Water testing

Iron concentrations in the bats’ drinking water
were 0.04 mg/L (indoor tap) and 0.06 mg/L (out-
door tap). As obligate frugivores, the bats likely
consume most of their water through the fruit
they eat,?! but wild LR have been observed drink-
ing water directly (Tsui, pers. comm.). For the sake
of argument, assuming the highest bat drinking
water intake found in the literature (21% of body
weight per day, in lactating insectivorous bats;*?
likely to be a vast overestimate for this LR colony),
LR in this case series would consume up to
0.001 mg iron per bat per day (0.013 mg/kg per day)
in their water.

Nutritional analysis

Nutritional analysis was limited by multiple fac-
tors beyond the authors’ control. These included 1)
lack of resources and local capacity for direct labo-
ratory analysis of food offered; 2) lack of recently
published data representative of the types of fruit
fed and the geographical ranges from which they
were imported; 3) wide variation in the types and
relative proportions of fruit fed and the geographi-
cal areas from which they were imported, depend-
ing on season, cost, and availability; 4) lack of
recorded information on exact proportions and
geographical origins of fruit fed over the preceding
months and years; 5) normal LR feeding behavior
in which juice is consumed but fiber left behind;
and 6) individual variation in fruit consumption.
However, because diet is a key potential contribu-
tor to 10, it was considered important to obtain at
least a ballpark estimate of iron and vitamin C con-
tent, in order to gauge the likelihood of inadvertent
overprovision.

Calculations were performed under different sets
of assumptions for comparison. Assumptions
included 1) that all 13 fruits on the current animal
feed shopping list were offered in equal amounts
and consumed in equal amounts; 2) that only the
five most commonly and consistently fed fruits
(guava, banana, papaya, apple, pear) were offered,
and offered and consumed in equal amounts; 3)
that 100% of food offered was consumed; and 4)
that only 25% of fruit micronutrients offered were
consumed (the same “conservative estimate” used
by other authors to account for fruit bat feeding
behavior!'?).

Although the specific figures thus obtained
should be considered loose estimates, a few key
findings did emerge from this process. Fruit was
the major source of vitamin C, with gel and supple-
ments providing negligible amounts in comparison.
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Assuming 100% consumption, the estimated total
daily vitamin C intake was up to 101.92 mg/bat per
day (1,098.30 mg/kg per day). Guava, a commonly
fed fruit, was a major contributor: of all the fruits
available, guava had by far the highest vitamin C
content (228.3 mg/100 g; the next highest was kiwi-
fruit at 74.7 mg/100 g'®). Fruit and gel were the
major sources of dietary iron, with supplements
and drinking water contributing small to negligible
amounts. Assuming 100% consumption of food
offered, and a very high intake of drinking water
(21% of body weight per day; see above), the maxi-
mum estimated total iron intake was up to 0.67
mg/bat per day (7.20 mg/kg per day).

Lower-end estimates, assuming consumption
of 25% of fruit micronutrients offered and 5% of
body weight per day in drinking water, were 19.27—
26.26 mg/bat per day (207.70-283.00 mg/kg per
day) for vitamin C and 0.37-0.38 mg/bat per day
(3.91-4.04 mg/kg per day) for iron.

Viral testing

PCR products of the expected size were generated
in the positive control samples, but not in the liver-
derived DNA samples or in the negative control
samples, indicating that all liver-derived DNA sam-
ples tested negative for hepadnavirus sequences.

DISCUSSION
Assessing 10

Histopathological examination in this case series
found hemochromatosis to be common, but in con-
trast to previous work!? there was no correlation
between hepatic histological grading and hepatic
iron concentration, and quantitative measurement
of hepatic iron concentrations did not show the
degree of overload expected. Normal hepatic iron
concentrations have not been published for LR;
however, previous studies of EFB have defined 10
as more than 3 SDs above the mean hepatic iron
concentration reported in wild EFB (i.e. iron con-
centrations above 940.3 mg/kg wet weight in males
and 1,780.2 mg/kg wet weight in females).!24043
Using the same criteria, only two bats in this case
series, LR1 and LR6, would be considered as hav-
ing 10. All bats had iron concentrations below the
previously suggested toxicity threshold in EFB of
12,000 mg/kg dry weight.’

There are reasons why histological grading might
not correlate with hepatic iron concentrations. Vari-
ations in iron deposition within the liver could
affect measured concentrations, depending on
which region was sampled: neoplastic areas and
regenerative nodules often contain less iron than
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remnant parenchyma. In addition, a statistically
significant relationship (if one exists) is unlikely to
be found with a sample size of seven.

As for serum iron measurement, normal LR
serum iron values are unknown; however, the
serum iron of LR3 was similar to the reported
mean for EFB with normal iron status whereas
that of LR4 was almost double the mean of EFB
with hemochromatosis.!?> Again, the small sample
size precludes any judgment of the significance of
these results, and further studies are needed.

Causes of 10

Of the numerous reported causes (or potential
causes) of hepatic 10 in the literature, the following
three are considered most plausible for these LR
and are discussed further below: a species-associ-
ated susceptibility, a hereditary iron storage disor-
der, and diet. Infection is another possible, but less
likely, differential: although panhepadnavirus PCR
testing was negative, other viruses not tested for
could interfere with iron homeostasis. For example,
hepatitis C virus (a flavivirus) infection in humans
first upregulates, then downregulates hepcidin
expression, ultimately leading to 10.3¢ However,
such a mechanism has not to our knowledge been
reported in animals, and histological findings in
these bats did not suggest concurrent infection.
Other differentials for IO were not supported by
the patients’ history (e.g. transfusions'®), gross
findings (e.g. cachexia'®), or histological findings
(e.g. chronic hepatitis, chronic renal disease, sys-
temic inflammatory processes!%2°).

A species-associated susceptibility to 10, similar
to that seen in EFB, is possible, and could exist as
an adaptation to dietary or environmental factors
similar to those faced by EFB. The underlying
genetics require further study: EFB appear limited
in their ability to upregulate hepcidin expression in
response to iron challenge,*® but in comparisons
with other bat species, no significant differences
were found in the hepcidin gene itself*>® and little is
known about the activity of other proteins and
genes involved in iron regulation in Rousettus spp.

Also possible is some type of hereditary iron
storage disorder made phenotypically apparent
by the high level of inbreeding in this colony.

Finally, problems with the captive diet are a key
differential; 10 has been attributed to excessive
dietary iron and vitamin C in the captive EFB liter-
ature.’ The remainder of this section will therefore
examine differences between wild and captive LR
diets, and potential issues with the latter.
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A handful of studies have been published on
LR feeding habits in various parts of their natural
range. Notable differences in reported wild diets
compared with the diet offered to captive LR in
this case series include a greater dependency on
wild fruits (although commercially grown fruits
are also consumed in the wild); fruits of the families
Moraceae (e.g. fig) and Sapindaceae (e.g. rambutan,
lychee, longan) constituting a large proportion of
the diet; guava being consumed for part of the year
rather than the whole year; and small amounts of
leaves, nectar, and other plant parts being con-
sumed in addition to fruit.*"**?> Further study of the
nutritional implications of these differences could
help shed light on issues of iron homeostasis; for
example, it has been hypothesized that EFB may
naturally consume inhibitors of iron absorption
such as tannins.!?

However, for now, data on normal ranges of iron
and vitamin C intake for wild LR are not available.
Analysis in this captive setting was limited by the
six factors outlined earlier in this paper, and both
wild LR and this captive colony would benefit from
a proper dietary study. Nonetheless, attempts were
made to estimate intake, in order at least to gauge
the likelihood of overprovision.

The conservative (high end) estimated iron
intake of up to 0.67 mg/bat per day was well below
the 5 mg/bat per day documented in a previous
case of overdose in EFB’ (note that EFB are simi-
lar to, to double LR in mass). It is generally recom-
mended that species prone to hemochromatosis be
fed less than 100 ppm iron;?? in this LR colony, the
conservative (high end) estimated total iron con-
tent of 36 ppm dry matter (combined fruit and gel)
was well below that. It is possible that actual iron
concentrations were higher: although biochemical
analysis was not possible in this case, previous
studies report that laboratory-analyzed iron con-
tent can be significantly higher than the calculated
content.”*> However, it is also possible that actual
iron concentrations were lower: studies from both
the United States and the United Kingdom have
shown a reduction in fruit iron content over the
20th century®?’ and the source data for dietary
estimates in this paper are decades old. In the
absence of accurate figures, it may be worth not-
ing that the LR share an enclosure with two spe-
cies in the family Sturnidae (Gracupica nigricollis
and Acridotheres cristatellus); birds in the enclosure
have access to a similar selection of fruit and have
been observed feeding from the bats’ bowls too.
Sturnidae have a known predisposition to 10, but
this institution has not observed IO or clinical ill-
ness in these birds. Overall, based on the limited
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information available, although iron overprovision
cannot be ruled out, it appears to be a less likely
cause for the IO seen in this bat colony.

In contrast, the estimated dietary vitamin C
content of 5,473 mg/kg dry matter was extremely
high; intake estimates ranged from 19.27-26.26 mg/
bat per day (low end) to 73.97-101.92 mg/bat per
day (high end). This was largely due to the inclusion
of guava, a fruit favored for being locally grown and
relatively cheap. By way of comparison, EFB were
offered approximately 18-24 mg/d in a previous
study'? and were estimated to consume 90 mg/d in
a previous hemochromatosis case series.”> (For fur-
ther comparison, the human adult recommended
daily allowance is 75-90 mg, depending on sex, or
approximately 1 mg/kg.>?)

Thus, using the EFB literature as a guide, die-
tary vitamin C concentrations appear potentially
excessive and more likely to be a problem than
dietary iron concentrations in this colony. Vita-
min C is known to increase iron absorption and
potentiate iron toxicity,” and so excessive vita-
min C could increase the risks associated with an
apparently acceptable iron intake.

Neoplasia

This case series was characterized by an assort-
ment of neoplasia, most commonly HCC. As previ-
ously discussed, hepatic IO has been associated
with HCC in humans and EFB.?* A suitable control
group of LR is not available for comparison, but it
is plausible (and perhaps most likely) that IO may
account for the high prevalence of HCC seen here.
Viral infection, for example hepatitis B virus (a hep-
adnavirus) and hepatitis C virus in humans, can
also increase HCC risk through a range of different
mechanisms, but often as a sequel to cirrhosis.3®
Although panhepadnavirus testing was negative in
these LR, other oncogenic viruses have not been
ruled out. Chronic aflatoxicosis is another risk fac-
tor for HCC in humans!’ but is less likely in these
bats because 1) their diet does not contain food-
stuffs typically associated with aflatoxins and 2)
insofar as lesions seen in domestic species can be
extrapolated to bats, certain histopathological signs
of aflatoxicosis (e.g. megalocytosis) were absent in
these LR. Other mycotoxins have not been ruled
out; however, not enough information is available
(either on exposure to specific mycotoxins or on the
effects of mycotoxins in this species) to be able to
assess the validity of this differential.

As for nonhepatic neoplasia, the existing litera-
ture does not support a relationship with IO, rais-
ing the question of what else might be causing the

245

high prevalence of neoplasia in these bats. Possi-
bilities include inherited risk factors (especially
given the high level of inbreeding), oncogenic
viruses, or some bats being older than thought.

Of note, to date such problems with 10 and
neoplasia have not been seen in the other bat col-
ony (short-nosed fruit bats; Cynopterus sphinx)
maintained on the same diet at the same institu-
tion. No published data exist on causes of morbid-
ity or mortality in captive LR elsewhere, likely
because the species is uncommonly kept in zoo-
logical collections.

CONCLUSIONS

This case series represents the first report of
10 and neoplasia in R. leschenaultii. This captive
colony showed a pattern of IO and HCC reminis-
cent of that widely seen in captive EFB; three
extrahepatic neoplasms were also identified. The
cause of 10, as with EFB, is unclear: it may be due
to a species-associated adaptation of iron homeo-
stasis and/or to differences in the captive diet rela-
tive to the wild diet. Concerns specific to this
colony include a high vitamin C intake and high
levels of inbreeding. HCC is suspected to be related
to 10, but other differentials exist. Although panhe-
padnavirus infection was largely ruled out, infection
by other oncogenic viruses is possible, as is an
inherited cancer risk.

Pending further investigation, it is recommended
that keepers of captive LR feed conservative
amounts of vitamin C and iron (as for EFB), avoid
inbreeding, and perform routine necropsies of bats
found dead or euthanized, sharing records of any
similar cases. Future research should aim to fill the
large gaps in the literature for this species, includ-
ing nutritional analysis of wild diets, normal iron
parameters of wild LR, behavior of proteins
involved in iron regulation, methods for assessing
iron status, and further viral testing.
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