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Pathology of ‘““double scale” skin defect

in farmed American alligators (Alligator
mississippiensis) and the possible association
with hepatic fibrosis
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Abstract

“Double scale” is a poorly characterized skin defect of crocodilians that drastically reduces the economic value of crocodilian
skin. This study investigated the morphology and pathogenesis of double scale in a ranching farm of American alligators (Alligator
mississippiensis). We compared the histopathology of skin and selected organs (liver, lung, kidney, heart, spleen, intestine,
and brain) of alligators with double scale against healthy control animals, together with serum and liver vitamin and mineral
levels. Skin affected with double scale had statistically significant hyperkeratosis, epidermal atrophy, and increased basal cell
degeneration compared with control alligators (P < .0001). Interestingly, all alligators with double scale had varying degrees of
hepatic fibrosis. Feed analysis showed that alligators that had double scale and hepatic fibrosis had prolonged dietary exposure
to high levels of vitamin A, iron, and copper. Serum analysis indicated that levels of zinc (p < .0001), copper (P < .05), and
vitamin E (P < .002) were significantly lower in alligators with hepatic fibrosis and double scale compared with controls. Finally,
immunohistochemical analysis of skin with double scale showed a marked reduction in immunolabeling with the zinc-binding
protein metallothionein. These results suggest that zinc deficiency, in combination with other micronutrient anomalies, may play

a role in the pathogenesis of double scale in alligators with liver fibrosis.
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After decades of unregulated and intensive hunting for skin
exploitation, most crocodilian species became endangered, and
some were almost extirpated by the beginning of the 1970s.%
This dramatic decline of wild crocodilian populations induced
several countries to protect crocodilians through legislation. In
addition, the worldwide trade of wild species and their products
became regulated by the Convention on International Trade in
Endangered Species (CITES) from 1975. Crocodile farming
gained momentum in this historical context as a valuable
opportunity to provide skins for an ever-growing leather mar-
ket and, at the same time, incentivize the conservation of
crocodilians.?>%3

Ranching is the most common way of farming American
alligators (Alligator mississippiensis) in the United States.
Ranching farms are intimately connected to the natural alliga-
tor habitat and have a significant impact in wildlife conserva-
tion. This method of production is based on the collection of
wild eggs, followed by regular reintroduction of juveniles and
hatchlings born on farms, to maintain the wild crocodilian pop-
ulation.?” This practice incentivizes the preservation of the wet
land habitats, saves eggs that are often subject to predation or
destruction in wild conditions,?” and boosts hatchlings survival
until adulthood.>6-%37

The main focus of crocodile farming is to produce high
quality skins to supply the expanding demand for premium
hides for the luxury leather market.® For this reason, care is
taken during rearing to minimize damage to the belly skin,
which is the most valuable part of the hide, from abrasive sur-
faces, interactions with other crocodiles, and from any derma-
tologic conditions that can produce a defect.®!42

This study is a clinical and pathological investigation con-
ducted on a ranching farm of American alligators following a
year of poor skin gradings due to high incidence of “double
scale” (DS) defects in the population. This skin condition
reduces leather quality and has an important impact on the
financial sustainability of the industry. The histopathology of
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Figure 1. Crust tan leather with double scale defect, American
alligator. The anatomic area depicted is the transition between the
belly (on the left) and the flank skin (on the right). Most scales have
a central circular indentation (arrowheads) that confers a doubled
appearance to the appendages.

this condition remains uncharacterized, and the etiology is
unclear. The condition received its name from the duplicated
appearance of scales following chemical and physical removal
of all skin tissue components except collagen (crust tan hide)
and also in tanned hides (Fig. 1). Multifactorial causes involv-
ing potential nutritional, metabolic, and genetic factors have
been considered anecdotally, but none have been explored in
the scientific literature so far.

The aims of this study were to characterize the gross and
histopathologic features of DS skin lesions and to investigate
the possible causes of the disorder. To achieve this, 2 cohorts of
alligators were assessed. The first cohort (“DS 2018 cohort™),
hatched in 2017 and 2018, had a high incidence of DS, while
the second (“Control 2019 cohort™), hatched in 2019, was free
of DS and acted as the control group. Both cohorts were hatched
and raised in the same facility under similar farming condi-
tions, with the exception of being fed different commercially
available formulated diets.

Materials and Methods

Animals

This study was reviewed by the Animals in Research Ethics
Committee in University College Dublin and was deemed full
ethics review exempt (AREC-E-22-20-KELLY) as it involves
samples collected exclusively during normal husbandry or vet-
erinary clinical procedures. No procedures were carried out on
live animals and no animal was euthanized for the sole purpose
of this study.

All alligators included in this study were reared on the same
farm in Texas. At the time of investigation, the farm produced
over 12,000 animals per annum on a single site from wild
caught eggs that hatched in captivity. Animals were housed in
groups of 20-80 depending on their size. These groups

consisted of a mix of both male and female alligators. The
houses were insulated and divided into pools and feeding and
basking decks. Pool water was kept at a constant temperature
range of 29-32°C. Diets consisted of commercially available
complete crocodilian pelleted feed purchased from a single
manufacturer that was tested routinely in-house for mycotoxins
using CHARMS Rosa-M Reader (Lawrence, Massachusetts).
In addition, feed samples were regularly submitted to Eurofins
Scientific Inc. (Des Moines) for mycotoxin testing (PQAOQ7
Mycotoxins 6 Package: alfatoxin, fumonisin, ocharatoxin, T-2/
HT-2 toxin, zearalenone).

Feed Analysis

Two feed stocks were used in this study. One feed stock was used
in 2017-2018 (Feed 2018) to feed animals who hatched in 2017
and 2018 (DS 2018 cohort). Under suspicion of a nutritional
imbalance and following feed analysis the feed was changed in
January 2019. Animals hatched in 2019 (Control 2019 cohort)
were fed exclusively with 2019 feed stock (Feed 2019).

A total of 19 samples of dry pelleted feed used in 2017 and
2018 (Feed 2018) were assessed by Eurofins Scientific Inc. (Des
Moines), and 21 samples from the feed stock used during 2019
and 2020 (Feed 2019) were analyzed at Midwest Laboratories
(Omabha) using high-performance liquid chromatography.

For vitamin A quantification, sample aliquots were saponi-
fied with ethanolic potassium hydroxide in the presence of
butylated hydroxytoluene. The mixture was extracted with
hexane. The combined hexane phases were washed with water
and dried over sodium sulfate. The concentration of retinol in
the hexane extract was determined using high-performance lig-
uid chromatography with a silica column and fluorescence
detector. For quantification of the beta-carotene content, the
solvent was exchanged to 25% tert-butyl methyl ether in meth-
anol before injection on a high-performance liquid chromatog-
raphy equipped with a C30 Carotenoid column and ultraviolet
(UV)-visible spectroscopy detector.

For vitamin E, sample aliquots were saponified with ethano-
lic potassium hydroxide in the presence of ascorbic acid. The
mixture extracted with a petroleum ether/ethyl acetate solution.
The combined organic phases were washed with water and
dried over sodium sulfate. The solvent was exchanged with
hexane before using high-performance liquid chromatography
with a silica column and fluorescence detector.

Metals were digested using dry ashing. The resultant digest
was analyzed by inductively coupled plasma optical emission
spectrophotometry against a set of [ISO-certified standards. The
specific method used for each analyte is listed in Supplemental
Table S1.

Sample Collection

Between April 2019 and June 2020, during routine harvest at
the abattoir, samples of liver, lung, kidney, heart, spleen, intes-
tine, brain, and free catch blood obtained at bleeding were col-
lected from 85 randomly selected alligators (48 from DS 2018
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cohort and 37 from Control 2019 cohort) (Supplemental Table
S2). The tissue samples were collected in formalin and 49 fresh
samples of liver (27 from DS 2018 cohort and 22 from Control
2019 cohort) were also frozen. Serum was obtained from 42
samples (20 from DS 2018 cohort and 22 from Control 2019
cohort) of the free catch blood and was frozen. From DS 2018
cohort, belly skin sample were collected from all animals pre-
senting with DS defects (18 samples, 38% of alligators) and 9
samples of normal belly skin were sampled from Control 2019
cohort, which were free of DS defects (Supplemental Table S2).
All skin samples were formalin-fixed. The age range for selected
animals was between 9 and 19 months; sex and farming pen of
origin were mixed. The average length and belly width for each
age group of alligator at harvest is presented in Supplemental
Table S3. As factors, such as skin quality and market demand
influence when an alligator is harvested, a direct size compari-
son between the 2 cohorts was not possible.

Histopathology

Following fixation in 10% neutral-buffered formalin, tissues
were processed and embedded in paraffin, sectioned at 4 pum,
and stained with hematoxylin and eosin. Histological sections
were assessed blind and independently for the presence of his-
topathological changes by pathologists PAK (ECVP board cer-
tified), JDD (ACVP board certified), and IMP (anatomic
pathology resident).

Of the 18 belly skin samples from alligators that had gross
evidence of DS (DS 2018 cohort), 61 scales were obtained for
histological examination. Of the 9 belly skin samples from alli-
gators that showed no evidence of DS (Control 2019 cohort),
32 scales were assessed. Image software ImageJ was used to
carry out skin measurements on 36/61 (59%) scales affected
with DS (2 scales per DS 2018 cohort alligator) and 18/36
(50%) scales from those with normal scales (2 scales per
Control 2019 cohort alligator). For the measurements, micro-
photographs at 200X magnification with scale set to 15 um
(equivalent to alligator erythrocyte diameter) were used. The
corneal layer and the live strata of the epidermis, which includes
strata basale and spinosum and the transitional layer, were
measured at center of the scale. For each scale, 3 measurements
were taken, and the average was used as the final value. Six
representative samples of skin, 3 normal and 3 with DS defect
were also stained with Gordon and Sweet’s reticulin and used
for immunohistochemical labeling.

Based on examination of hematoxylin and eosin sections, 3
representative samples of liver from the Control 2019 cohort
alligators and 3 samples of liver from DS 2018 cohort alliga-
tors were selected for staining with Masson’s trichrome,
Gordon and Sweet’s reticulin, and Perls’ Prussian blue stains to
highlight collagen, reticular fibers, and iron, respectively.
Periodic acid-Schiff reaction was also carried out to highlight
carbohydrate content within hepatocytes. The same liver sam-
ples were used for immunohistochemical labeling.

The liver changes were measured based on the severity of
hepatocyte vacuolation, biliary proliferation, and fibrosis.

Briefly, hepatocyte cytoplasmic vacuolation was scored on
scale of 0—4 (0 = absent, 1 = hepatocytes have finely vacu-
olated to wispy eosinophilic cytoplasm with no increase in
cell size, 2 = hepatocytes have finely vacuolated (vacuoles
larger than score 1) eosinophilic cytoplasm with no increase
in cell size, 3 = hepatocytes have prominent clear cytoplas-
mic vacuoles and a conspicuous increase in cell size, 4 =
hepatocytes have prominent large clear cytoplasmic vacuoles
with an obvious increase in cell size).* Biliary proliferation
was scored on a scale of 0—4, counting bile duct profiles per
10 triads (0 = maximum of 14 bile ducts/10 triads; 1 = 15-20
bile ducts/10 triads; 2 = 21-30 bile ducts/10 triads; 3 = 31—
50 bile ducts/10 triads; 4 = > 50 bile ducts/10 triads).
Severity of fibrosis was scored on a scale of 0—4 based on the
percentage of periportal collagen deposition increase relative
to normal using 100X magnification (0 = absent, 1 = up to
10%, 2 = up to 20%, 3 = up to 30%, 4 = presence of bridg-
ing fibrosis). Histology score for normal liver was considered
to be 0 for hepatocyte vacuolation, biliary proliferation, and
for fibrosis. The value assigned to each liver was an average
of the independent scoring evaluations made by each
pathologist.

Immunohistochemistry

For validation of immunohistochemistry assay specificity in
American alligator tissues, we designed positive and negative
tissue controls for each antibody used.*® Fibrogenic cells were
assessed by immunohistochemistry on 6 liver samples, 3 from
the Control 2019 cohort and 3 from the DS 2018 cohort, using
a mouse monoclonal antibody to human desmin (1:25, clone
D33, M0760; Dako, Denmark A/S) and a mouse monoclonal
antibody to the alpha isoform of human smooth muscle actin
(a-SMA) (1:100, clone 1A4, n M0851; Dako, Denmark A/S).
Alligator skeletal muscle was used as positive control for anti-
desmin antibody; the tunica muscularis of alligator intestines
served as positive control for a-SMA antibody. For both anti-
bodies, one reaction with mouse immunoglobulin G (IgG) anti-
body serum was included as a negative control. All tissues were
fixed in 10% neutral-buffered formalin, processed, and embed-
ded in paraffin. Tissue blocks were then sectioned at 4 pm and
sections mounted on charged glass slides. Antigen retrieval for
desmin and a-SMA consisted of treatment of the tissue sec-
tions with sodium citrate buffer (pH = 6) in a Menarini access
retrieval unit under full pressure at 125°C for 1 minute, 40 sec-
onds. Since we lacked frozen samples of skin, the presence of
zinc deficiency was assessed targeting metallothionein (MT)
with a rabbit polyclonal antimouse MT (1:400, ab192385,
Abcam, UK) on 6 samples of alligator skin, 3 with DS defect
(DS 2018 cohort), and 3 normal (Control 2018 cohort). Mouse
skin was used as positive control for the primary antibody. One
reaction with rabbit IgG antibody serum was included as a neg-
ative control. Tissue sections were treated with protease for
antigen retrieval. The detection method for all antigens in this
study was horseradish peroxidase with 3,3’-diaminobenzidine
as the chromogen.
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Vitamin A, Vitamin E, and Mineral
Concentration in Liver and Serum

A total of 49 frozen liver samples, including 27 from DS 2018
cohort and 22 from Control 2019 cohort were assessed for con-
centrations of copper, iron, zinc, manganese, molybdenum,
cobalt, arsenic, cadmium, lead, thallium, selenium, vitamin E,
retinol, palmitate, and total vitamin A by inductively coupled
plasma mass spectrometry and chromatography at Texas A&M
Veterinary Medical Diagnostic Laboratories. The same labora-
tory determined copper, iron, zinc, manganese, molybdenum,
cobalt, arsenic, cadmium, lead, thallium, selenium, and vitamin
E concentrations on 42 samples of frozen serum (20 from DS
2018 cohort and 22 from Control 2019 cohort).

Metals and minerals were all assayed on inductively cou-
pled plasma mass spectrometry, each element with its own
standard curve of at least 5 points with correlation coefficient
greater than 0.995. All samples were diluted using an internal
standard solution whose performance was monitored.
Elemental concentrations were reported on a dry matter basis.
Samples whose mass was measured to the nearest 0.0001 g
were dried to constant weight in a convection oven at 95°C and
reweighed to determine dry weight fraction. For each animal, a
liver aliquot of approximately 0.5 g was digested using 5.00 ml
ultrapure nitric acid, 0.25 ml ultrapure hydrochloric acid, and 1
ml 30% hydrogen peroxide. Samples were diluted to 50 ml
with tissue diluent containing internal standard and were trans-
ferred to the inductively coupled plasma mass spectrometry.

Vitamin A, retinol, palmate, and vitamin E were assayed by
chromatography performed on a Waters system using a C18
Cosmosil PBr column (4.6 X 250 mm) and mobile phases ace-
tonitrile and 0.1 % acetic acid in a gradient with UV monitoring
at 350 nm for vitamin A. In a darkened room in a biological
safety cabinet, an approximately 1 g aliquot of each animal
sample (measured to the nearest 0.01 g) was homogenized in
de-gassed, deionized water with a final added volume of 5 ml.
Beta-hydroxybutyrate in ethanol was added and samples were
subjected continuous rotation at approximately 30 rpm for 20
minutes. Each tube then received 2 ml hexane and was recapped
and rotated for another 20 minutes. After centrifugation at
approximately 2500 rpm to ensure separation of phases, 1 ml of
each hexane layer was evaporated to dryness under nitrogen.
Resuspension in acetonitrile was followed by filtration at 0.45
um into chromatography vials.

Statistical Analysis

Vitamins and mineral levels from liver and serum of animals
with liver fibrosis (DS 2018 cohort) were compared with the
results of control animals (Control 2019 cohort).

Results of feed analysis between Feed 2018 and Feed 2019
were also compared.

GraphPad Prism 9.3.0 (GraphPad Software for macOS, San
Diego, California USA, www.graphpad.com) was used for sta-
tistical analyses. Normality of distributions was verified by
means of Anderson-Darling test. For comparison between 2

groups, Student’s t-tests or Mann-Whitney tests were per-
formed for parametric and nonparametric analyses, respec-
tively. For comparison between parametric and nonparametric
data sets, a Student’s #-test was performed in case skewedness
of nonparametric measures was between 1 and —1. Differences
were considered significant for P < .05. Pearson’s correlation
coefficient was computed to assess relationship between
hepatic concentrations of iron and vitamin A and the severity of
liver pathology, which was measured using the histological
scores detailed above.

Results

Gross and Histological Characterization
of “Double Scale”

DS presented grossly as a combination of focally extensive pit-
ting and roughening of the cranial and medial edge of the belly
scale (18/18, 100%), mostly accompanied by a brown discolor-
ation (Fig. 2a). In the most severe cases, a linear, ring-shaped
indentation within the central portion of the scale was also
present (7/18, 39%) (Fig. 2a). Histologically, indentation pre-
sented as a depression of the epidermis and superficial dermis
(Fig. 2b), while the pitting and roughening of the scales con-
sisted of keratin fragmentation (Fig. 2c). Furthermore, there
was an increased number of degenerating basal keratinocytes,
mean = 3.7 per 10,000 cells, standard deviation (SD) = 9.3, n
=19, (Fig. 2d) compared with normal scales (mean = 0.21 per
10,000 cells, SD = 0.39, n = 9). Marked orthokeratotic hyper-
keratosis affecting the 3- and a-keratin layers of the scale char-
acterized all DS samples examined (18/18, 100%) compared
with normal scales (Fig. 3). Associated with hyperkeratosis,
there was a significant thinning of the live strata of the epider-
mis, including the basal, supra-basal, and transitional layers
(Fig. 3). The B-keratin layer thickness was 94.6 um on average
in normal scales (SD = 11.6, n = 18) and 168.5 um in DS (SD
= 354, n = 36, P value < .0001) (Fig. 4a). The a-keratin
layer, was an average of 18.8 um (SD = *£5.3, n = 18) in nor-
mal scales and an average of 70.5 um (SD = 21.5, n = 36, P
value < .0001) in DS (Fig. 4b). The live strata of the epidermis
was an average of 51 pm thick in normal scales (SD = 11.9, n
= 18) and an average of 33.1 pm thick in DS (SD = 9.9 um, n
= 36, P value <.0001) (Fig. 4c). In addition, several DS scales
exhibited disarray of collagen fibers (9/19; 47%) and a multifo-
cal increase in the ground substance of the dermis (Fig. 5).
Collagen disarray was not detected in any of the scales from
controls (Control 2019 cohort).

Histopathological Examination of Visceral Organs

Histopathological examination was carried out on tissues from
85 animals (48 DS 2018 cohort and 37 Control 2019 cohort)
including samples of liver, intestine, lung, heart, brain, spleen,
and kidney. Thirty-one of the 37 liver samples from the Control
2019 cohort were considered normal (Fig. 6a—c), showing no
evidence of fibrosis, bile duct proliferation, or hepatocyte
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Figure 2. Belly skin with double scale defect, American alligator. (a) Gross appearance of double scale defect characterized by a rough and
pitted surface (arrows) often associated with a linear dent (black arrowheads). Note the smooth and even surface of the normal scale (white
arrowhead). (b) The dent is histologically characterized by a focal depression of the epidermis and the dermis. Hematoxylin and eosin (HE). (c)
The rough surface is characterized histologically by a fragmented corneal layer. HE. (d) Higher magnification of the epidermis shows frequent
degeneration of the basal keratinocytes (arrowheads). HE.

vacuolation (score 0) (Fig. 6b, d, and f). While 2 liver samples
presented mild hepatocyte vacuolation (score 1) and 4 had mild
bile duct proliferation (score 1) (Supplemental Table S2). No
significant changes were found in the other organs assessed.
All 48 liver samples from the DS 2018 cohort had patho-
logic changes (48/48; 100%). The severity of liver disease was
quantified using a scoring system based on the presence and
extent of liver fibrosis, biliary duct proliferation, and hepato-
cyte vacuolation. Details of the scoring system are outlined
above in Materials and Methods and Supplemental Figure S1.
In 33 of 48 (69%) cases, liver disease was characterized by
fibrosis of variable severity (scores 1-4) (Fig. 6b and
Supplemental Figure S1). Hepatic fibrosis formed largely
around periportal tracts and adjacent to the liver capsule. In the
most severe cases, fibrosis bridged several portal areas result-
ing in complete loss of normal lobular architecture and con-
comitant hepatocellular nodular hyperplasia (regeneration)
(Fig. 6b, d). Bile duct proliferation (scores 1-4) (Fig. 6a) and
glycogen accumulation (scores 1-4) causing hepatocyte vacu-
olation and cell swelling, were also evident in all samples
(48/48, 100%) (Fig. 6f). There was a subjective increase in the

number of periportal melanomacrophage (or pigment) centers
compared with samples from the Control 2019 cohort (Fig. 6a,
b). All 18 of the animals that had gross and histological evi-
dence of DS also had histological evidence of liver fibrosis,
bile duct proliferation, and hepatocyte vacuolation.

Liver and Serum Oligoelements and Vitamin Analysis

Vitamin and mineral levels from the livers and serum of ani-
mals with liver fibrosis and normal livers are summarized in
Table 1, together with the results of statistical analyses between
means (or medians) of the 2 groups. Hepatic levels of known
hepatotoxins, such as vitamin A (880.6 ng/g, P value < .0001)
and iron (734.6 ng/g, P value < .0001) were significantly
increased in livers with fibrosis compared with controls (vita-
min A = 389.8 ng/g; iron = 388.2 ng/g). Copper levels were
also increased (57.92 pg/g vs 39.36 ng/g of controls), but the
difference between livers with fibrosis and controls was not
statistically significant. There was a strong positive correlation
between severity of liver disease and levels of hepatic iron
(Pearson’s » = .51, P value < .0001) and vitamin A (Pearson’s
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Figure 3. Histologic features of double scale (DS), American alligator, skin. (a). Normal anatomy of alligator scales showing the plate
region (p box) constituting most of the scale and the hinge region (h box). The cranial scale is on the left and the caudal scale is on the right.
Hematoxylin and eosin (HE). (b) Higher magnification view of the plate region of a normal scale. Note the f3-keratin covering the plate of
the scale stains negatively (double arrow). HE. (c) The keratin layer of skin affected with DS is markedly thickened at the level of the plate
(double arrow) while the live strata of the epidermis is thinner compared with normal scales. HE. (d). Higher magnification view of the hinge
region of a normal scale. The a-keratin at the level of the hinge stains pink with eosin. () The a-keratin at the level of the hinge is markedly
thickened in DS. HE.

r = .49, P value < .0001) (Supplemental Figures S1fand S1g).
Hepatic levels of zinc were also significantly increased while
manganese was significantly lower in livers with fibrosis com-
pared with controls. Serum of alligator with liver fibrosis had
significantly decreased levels of zinc, copper, and vitamin E,
while manganese was significantly higher compared with con-
trols. (Fig. 9).

Feed Analysis

Feed analysis highlighted differences in concentration of total
protein, total fat, total fiber, iron, copper, zinc, manganese, cal-
cium, and vitamin A between Feed 2018 and Feed 2019. In
detail, the concentration of fiber (1.3%), fat (14.6%), and pro-
tein (55 %) in Feed 2019 were significantly increased



Piras et al

821

p-corneal layer

a~corneal layer

live strata

300 150 80
*kk*k i

E E E *kkk
= 3 3 60+ %

_ i n
§ 200 .-.? § 100 0 °
c c c - -
X w S - 5 49 2
— = : = -
< 100+ E S 50 = 2
— S o 204 =
o 9 >
> > w T
® 8 -

o e
> N N N 2 2
o © \ 2 \Z
< o &® O &
< o
boé (\O 60 O O

a b

Figure 4. Comparison between epidermal thickness of normal scales and double scales (DS). The box graphs show measurements of (a)
B-keratin layer, (b) a-keratin layer, and (c) epidermal live strata of normal (n = 18 measurements) and DS (n = 38 measurements). Central
line in the box indicates mean. Difference of means calculated by Student’s t-test was significant, P value << .0001 (¥*¥¥).

compared with Feed 2018 (fiber 0.7%, P value < .0021; fat
6.9%, P value < .0001; protein 50%, P value < .0001). While
the concentration of vitamin A (1521 IU/100 g), iron (605
ppm), copper (20 ppm), manganese (78 ppm), zinc (236 ppm),
and calcium (1.82 %) was significantly decreased (P value <
.0001) in Feed 2019 compared with Feed 2018 (vitamin A =
3193 1U/100 g, iron = 1197 ppm, copper = 36 ppm, manga-
nese = 133 ppm, zinc = 373 ppm, calcium = 2.85%). Results
of feed composition for each stock feed (Feed 2018 and Feed
2019) and statistical analysis are available in Table 2.

Immunohistochemistry

Alligator rhabdomyocytes and intestinal tunica muscularis
smooth muscle cells were labeled by antidesmin and a-SMA
antibody, respectively (positive controls) (Supplemental
Figures S2a and S2b). Immunolabeling for a-SMA in normal
liver samples highlighted the diffuse presence of low numbers
of spindle-shaped cells stretching into the perisinusoidal spaces
and in the periportal areas (Fig. 7a). Livers with fibrosis exhib-
ited a subjective marked increase of a-SMA immunolabeling
around periportal areas (Fig. 7b). Masson’s trichrome showed
that collagen deposition in the triads was comparable with a-
SMA-immunolabeled cell localization (Fig. 7c, d).

In normal livers, antidesmin immunolabeling highlighted
the presence of a delicate desmin-positive network of perisinu-
soidal spindle-shaped cells (Fig. 7e, f). In livers with fibrosis,
there was an accumulation of desmin-positive cells in the

periportal areas, which was associated with a lack of desmin-
positive cells within the sinusoidal spaces (Fig. 7g, h).

Anti-MT immunolabeling of normal alligator skin revealed
a diffuse granular cytoplasmic labeling of keratinocytes and
dermal fibroblasts (Fig. 8a). Anti- MT immunolabeling was
markedly reduced in the cytoplasm of keratinocytes and fibro-
blasts of alligators with DS (Fig. 8b). Immunolabeling was
absent in sections incubated with isotype control antibodies
(Supplemental Figures S2d-f).

Discussion

Scales are skin appendages evolved by reptiles, which exqui-
site arrangement pattern has made crocodilian leather one of
the most demanded products of the luxury fashion market since
1800.72! The DS defect undermines the appeal of the belly
scale pattern with an array of defects, including focal to exten-
sive pitting and roughening of the cranial and medial edge of
the belly, brown discoloration, and a linear, ring-shaped inden-
tation on the central portion of the scale in severe cases. This
indentation translates into linear defects of processed leather
(crust tan skin). Histologically, depression of the epidermis and
superficial dermis corresponded to the gross indentation. A key
microscopic feature of DS was significant orthokeratosis asso-
ciated with atrophy of the live strata of the epidermis. Compared
with controls, the average thickness of B-corneal layer at the
level of the plate was almost doubled, while the a-corneal layer
was four-times increased. DS lesions also had loss of
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Figure 5. Dermal collagen organization, skin, American alligator. Reticulin stain. (a) Normal anatomy of alligator dermis showing an orderly
arrangement of collagen bundles that became larger in the deep dermis. Note that all bundles are oriented perpendicular to the cut section
and the separation between the superficial and deep dermis is well-defined. (b) In double scales, collagen bundles are reduced in size and are
separated by an increase in ground matter. The bundles are arranged haphazardly and a clear definition between superficial and deep dermis

is lost.

Table |I. Micronutrient concentration in liver and serum of alligators with liver fibrosis compared with alligators with normal livers.

Hepatic Levels (ug/g)

Serum Levels (mg/ml)

Control Liver Fibrosis Control Liver Fibrosis

(n=22) (28) (n=22) (28)

Mean (SD) SD Mean (SD) P Value Trend Mean (SD) SD Mean (SD) P Value Trend
Vitamin A 389.8 2514 880.6 (441.1) e
Palmitate 362 2428 855.1 (447.7) ok
Retinol 28.71 16.63 41.73 (44.56) 0.07 (0.01)
Iron 388.2 134.6 734.6 (327) K 136.2 62.25 182.1 (101.2)
Zinc 81.27 13.9 96.73 (26.79) * | 0.13 0.62 (0.19) ik
Copper 39.36 14.52 57.92 (56.64) 0.67 0.13 0.55 (0.17) *
Selenium 2.92 0.48 3.37 (0.72) 3249 67.44 353.6 (42.02)
Manganese 5.44 2.08 3.42 (0.86) K 821 3.24 10.45 (4.88) *
Molybdenum 0.29 0.09 0.13 (0.09) 19.09 4.66 22.48 (7.1)
Cobalt 0.02 0.0l 0.02 (0.01) 0.28 0.28 0.72 (1.22)
Arsenic 0.09 0.07 0.1 (0.07) 0.01 0 0.02 (0)
Cadmium 0.02 0 0.02 (0.01) 0.1 0 0.1 (0)
Thallium 0.02 0 0.02 (0.01) 0.1 0 0.1 (0)
Lead 0.04 0.17 0.02 (0.05) 0.0l 0 0.01 (0)
Vitamin E 69 28.36 57.62 (31.42) 4.95 241 3.4 (1.52) o

Abbreviation: n, number of samples; SD, standard deviation.

Difference between means was calculated by Student’s t-test. For nonparametric sets, difference of medians was calculated by Mann-Whitney test.

Significant results with P value <

the characteristic compactness of the reptilian B-keratinized
corneal layer, with frequent fragmentation of keratin, which
corresponded grossly to the roughened pitted areas of the scale.
Finally, collagen bundle disarray was evident in the superficial
to deep dermis of several DS individuals (9/19; 47%).

To further understand the pathogenesis of DS we examined
histological samples of organs from the DS 2018 and Control
2019 alligator cohorts. This showed a high incidence of hepatic
fibrosis (69%) in the DS 2018 cohort of alligators while liver
disease was not seen in the control cohorts. Interestingly, hepatic

.0001 are marked as **** P value = .0021 as **, and P value < .05 as*.

fibrosis was always present in alligators that had gross evidence
of DS (18/18; 100%). There is little information available on
normal liver histology of reptiles, and to the best of our knowl-
edge, hepatic fibrosis has not been previously described in alli-
gators. Hepatic fibrosis represents a scarring response to chronic
liver injury after a variety of insults.?® Other hepatic changes
noted histologically in the DS 2018 cohort were bile duct prolif-
eration, glycogen accumulation causing hepatocytes vacuola-
tion and often swelling, and increased numbers of periportal
melanomacrophages. Bile duct proliferation is considered a
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Table 2. Composition of the feed stocks administered to alligators during the study.

Unit Feed 2018 N Feed 2019 N P Value

Vitamin A IU/100 g 3193 19 1521 21 Fokk
Iron ppm 1197 19 605 21 ok
Copper ppm 36 19 20 21 ooy
Manganese ppm 133 19 78 21 oy
Zinc ppm 373 19 236 21 Fpkx
Sulfur % 0.66 19 0.79 21

Phosphate % 1.61 19 1.28 21

Potassium % 0.73 19 0.77 21

Magnesium % 0.13 19 0.13 21

Calcium % 2.85 19 1.82 21 Holotok
Sodium % 0.49 19 0.33 21

Fiber % 0.7 19 1.3 21 Hok
Fat % 6.9 19 14.6 21 Hokok
Protein % 55 19 50 21 ok
Tryptophan % 0.53 19 0.6 13

Arginine % 3.1 19 291 13

Histidine % 1.5 19 1.27 13

Lysine % 34 19 33 13

Phenylalanine % 2.5 19 2.35 13

Tyrosine % 1.6 19 1.36 13

Leucine % 4.3 19 425 13

Isoleucine % 2 19 1.99 13

Methionine % 0.9 19 1.22 13

Valine % 2.8 19 2.7 13

Cystine % 0.99 19 0.87 13

Alanine % 3.1 19 3.12 13

Glycine % 33 19 3.35 13

Proline % 32 19 3.31 13

Glutamic acid % 6.6 19 6.93 13

Serine % 2.4 19 2.6 13

Threonine % 1.8 19 2.17 13

Aspartic acid % 4 19 4.21 13

Abbreviation: N, number of samples analyzed.
Difference between means was calculated by Student’s t-test.

Significant results with P value < .0001 are marked as ***, P value = .0021 as **.

nonspecific reaction to liver injury in humans and several
domestic species.*' Glycogen accumulation, with the exception
of storage prior to hibernation, is often considered a conse-
quence of disturbance of glucose homeostasis in hepatocytes of
fish,*® amphibians,’ and mammalians.'%*> We suggest that a
similar mechanism is occurring in alligators.

An increase of pigment-laden macrophages (melanomacro-
phages) was also evident. While an enhanced phagocytic activ-
ity of Kupffer cells due to increased hepatocyte loss is a
possible differential,>'*® several other conditions and factors
can cause this.**

Myofibroblasts are considered the main source of collagen
production in liver fibrosis in humans, mice, and dogs.!>'®
These are fibroblast-like cells that express a-SMA, which con-
fers contractile properties.'® As expected, immunolabeling of
alligator livers with hepatic fibrosis showed a-SMA-positive
cell numbers were markedly increased around periportal areas,

where the collagen accumulated. Myofibroblasts can be
recruited in livers by activation of hepatic stellate cells (or Ito
cells), from liver resident fibroblasts (portal or centrilobular),
epithelial cells that undergo epithelial-to-mesenchymal transi-
tion, bone marrow-derived fibrocytes, and from smooth muscle
cells that surround blood vessels.!> Comparison of a-SMA and
desmin immunolabeling between normal alligator livers and
livers with periportal fibrosis suggests that hepatic fibrogenic
myofibroblast cells are derived from proliferation of periportal
and perivascular fibroblasts and also by recruitment of desmin-
positive cells from the sinusoids. The latter are considered most
likely to be hepatic stellate cells.

Causes of progressive liver fibrosis include chronic viral
infection, prolonged use of hepatotoxic drugs, longstanding
exposure to aflatoxin, iron and copper accumulation, chronic
biliary cholangitis, autoimmune hepatitis, and chronic vitamin
A toxicity.'>!®42 Alcohol abuse, mnonalcoholic fatty liver
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Figure 6. Liver, American alligator. (a) Normal liver. Normal lobule architecture showing a triad (upper left) composed of | portal vein
(pv), | hepatic artery (h), and a biliary duct (bd). A central vein (cv) is seen at the center of the lobule. Hematoxylin and eosin (HE) (b). Liver
of an alligator with double scale affected by severe fibrosis showing bands of collagen fibers bridging between several triads associated with
increased numbers of melanin-laden macrophages. Biliary ducts (bd) are increased in number and are tortuous. Portal veins (pv) are tortuous
and irregularly dilated. Hepatocytes show diffuse vacuolation and swelling. The central vein is collapsed. HE. (c) Regular pattern of reticulin
fibers in the control liver. Reticulin stain. (d) Nodular distortion of the hepatic lobule in the liver of an alligator with double scale with severe
fibrosis. Reticulin stain. () Normal glycogen accumulation in control liver. Periodic acid-Schiff (PAS). (f) Increased glycogen accumulation in

the fibrotic liver of an alligator with double scale. PAS.

disease, and nonalcoholic steatohepatitis are largely reported in
humans.!® In the alligator livers examined, infectious causes
were considered unlikely due to the lack of histological evi-
dence of underlying cholangiohepatitis, or bacterial or viral
infections. Considering the distribution of the liver disease
within the examined population (animals of various ages,
sexes, and from all enclosures were impacted) and the histo-

logical pattern of liver pathology, a chronic toxic insult under-
lying the liver injury was suspected.

Toxic causes of liver disease leading to fibrosis, such as
chronic exposure to aflatoxin and carbon tetrachloride, were
excluded based on routine toxicological testing of feed and
water. Vitamin A, copper, and iron, which are known to be hep-
atotoxic in high doses, were found to be significantly increased
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Figure 7. Distribution of a-smooth muscle actin (o.-SMA) positive cells, collagen, and desmin-positive cells, liver, American alligator. (a) In
normal livers, a-SMA-positive myofibroblasts are evenly distributed throughout perisinusoidal spaces and form a thin rim around vessels and
biliary ducts in the portal areas. a-SMA immunohistochemistry (IHC). (b) In a fibrotic liver from an alligator with double scale, a.-SMA-positive
myofibroblasts are increased within periportal areas. Note the numbers of myofibroblasts in the perisinusoidal spaces are reduced compared
with normal livers. o-SMA IHC. (c) Collagen distribution in a normal liver. Masson’s trichrome. (d) In a fibrotic liver from an alligator with
double scale, increased collagen deposition localizes in periportal areas where a-SMA-positive cells concentrate. Masson’s trichrome. (e) In
normal livers, desmin-positive cells are evenly distributed within perisinusoidal spaces in both periportal areas and (f) centrilobular areas.
Desmin IHC. (g) In a fibrotic liver from an alligator with double scale, desmin-positive cells accumulate in the periportal areas, (h) while they

are depleted from the midzonal and centrilobular areas. Desmin IHC.

in the Feed 2018, which composed the diet of DS 2018 cohort
alligators. Notably, 32,000 IU/kg of vitamin A was found in the
Feed 2018, which is almost double the recommended level for
crocodilians (12,000-17,000 1U/kg).""° Liver damage related
to chronic hypervitaminosis A is a rare, but is a well-described
condition in humans®® and has been reported once in a cat.!”
Although occasionally suspected in pet reptiles, it has not been
fully characterized.> The pathologic changes in the liver in

humans and the cat are related to increased retinyl storage in
the organ, which may result in portal hypertension, secondary
to sinusoidal compression, and hyperplasia of stellate cells fol-
lowed by fibrosis. '3

The liver serves as the primary storage site for vitamin A,
predominantly in the form of retinyl esters.*® In alligators, vita-
min A is primarily stored as retinyl palmitate. In cases of fibro-
sis in alligator livers, the average concentration of vitamin A
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Figure 8. Antimetallothionein immunohistochemistry (IHC), skin, American alligator. (a) Normal scale. Metallothionein is labeled in a diffuse,
granular cytoplasmic pattern in all layers of the live epidermis and dermal fibroblasts. (b) Scant metallothionein immunolabeling is detectable
in the keratinocytes and dermal fibroblasts of animals with double scale.

vitamin A in alligators. This correlation lends support to the

Hepatic Zn Serum Zn . : . e ;
hypothesis that vitamin A toxicity could be a potential cause of
liver disease in this case.

200 - . 1.5 1 Recommended levels of copper and iron for crocodilian
diets vary in the literature.'” While copper levels in feed 2018

150 - were higher than feed 2019, the levels were within recom-

o 1.0 Fhkk mended ranges (8—100 ppm). However, iron levels were con-

2 100 g % o siderably higher than recommended range (27-875 ppm)."
> : S 0.5 v The toxicity of copper and iron excess is characterized by the
50 - ’ production of reactive oxygen species, causing lipid peroxida-

tion reactions that damage cellular organelles and membranes,*

0ol— 0.0 —a——r— which result in hepatocyte damage. Copper toxicity is espe-

é@ & &vz} & cially common in sheep and in several dog breeds with genetic

® og&’" o & $° defects of copper metabolism.* In this study, alligators” hepatic

QQ'z'P Q,;,i‘" copper levels were increased in cases with fibrosis compared

a < b < with normal livers, although this variation was not statistically

Figure 9. Hepatic and serum levels of zinc. Box graphs show levels
of (a) hepatic and (b) serum zinc in alligators with liver fibrosis (n =
28) compared with alligators with normal livers (n = 22). Central
line in the box indicates mean. Difference of means was calculated
by Student’s t-test. Significant differences are indicated with *** for
with P value < .0001 and * for P value < .05.

was found to be double that of normal alligator livers. This
concentration was also much higher than hepatic vitamin A lev-
els for other carnivorous reptiles, typically around 300 pg/g
(100 IU/g).* This result raised the suspicion of vitamin A tox-
icity. In addition, a positive correlation was observed between
the severity of liver fibrosis and the concentration of hepatic

significant. Rhodanine stain, performed to highlight copper
loading in fibrotic livers, was negative (data not shown). Also,
serum levels of copper were lower in alligators with liver fibro-
sis than controls. Hemochromatosis, also known as iron storage
disease, is defined by increased iron deposition in many tissues
leading to organ toxicosis. Characteristic lesions of hemochro-
matosis include hepatocellular and macrophagic iron loading
in association with liver injury and iron deposition in other
sites (intestinal lamina propria, myocardium, spleen, pancreas,
or kidney).** While rare in domestic animals,'® hemochromato-
sis is quite common in some captive nectar and fruit-eating
birds species, such as toucans and lorikeets, while it is infre-
quent in parrots*’ and has recently been described in kori bus-
tards.” In the alligators in this study, iron levels were
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significantly increased in fibrotic livers, and were positively
correlated to the severity of fibrosis. However, the mesenchy-
mal pattern of iron accumulation, the lack of stainable iron in
hepatocytes and other tissues, and the normal iron serum levels
suggest that the origin of iron loading was more likely second-
ary to hepatocyte loss rather than chronic dietary intake.!!
Considering these findings, copper and iron were deemed less
likely than vitamin A to be the inciting cause of liver damage in
this study; however, their contribution to liver disease cannot
be completely excluded. Further toxicological studies are war-
ranted to investigate the toxic ranges of vitamin A, iron, and
copper in crocodilians.

While an association between DS defects and hepatic fibro-
sis is clear in this study, the pathogenesis of DS and how it
relates to liver disease is not. It is important to consider the
potential contributions that increased dietary levels of vitamin
A may have had on the development of DS. In fact, the main
recognized effect of vitamin A is in maintaining normal epithe-
lial tissues. Among reptiles, acute vitamin A toxicity is reported
in chelonians, where it manifests with skin scaling often pro-
gressing to extensive necrosis of the epithelium.? The chronic
effects of vitamin A toxicity on reptilian skin have never been
reported. Serum retinol levels, which are commonly used as
biomarker for vitamin A levels,” were an average of 0.07 pg/
ml in alligators with hepatic fibrosis. Although these values
correspond to the lower range of values reported for the spe-
cies,?® we were unable to compare with an internal reference
range, as we lacked the serum levels for control alligators.
Unfortunately, the role of vitamin A in DS development remains
unclear.

A possible link between DS and hepatic fibrosis may relate
to the imbalance between hepatic accumulation and systemic
distribution of several elements in alligators with hepatic fibro-
sis. Specifically, vitamin E, copper, and zinc were significantly
decreased in the serum of DS alligators, although their hepatic
concentrations remained constant or, like zinc, slightly
increased. Manganese instead was significantly increased in
the serum and depleted in the liver. Of all serum micronutrient
imbalances in alligators, zinc reduction was the most striking
given its severity and statistical significance compared with
controls. Since cutaneous lesions are common manifestations
of zinc deficiency both in humans and domestic animals, and
are commonly reported in humans with chronic liver disease,'®
we investigated whether zinc deficiency could be contributing
to DS in alligators. MT expression may be used for subjective
determination of zinc concentrations in skin samples.’> MTs
are cysteine-rich, zinc-binding proteins synthesized in response
to tissue zinc levels.?* Anti-MT immunolabeling of alligator
skin revealed a drastic reduction in MTs in alligators with DS
and liver fibrosis, supporting the hypothesis of zinc deficiency
as a potential cause of skin lesions in these animals. Beside
their primary role in zinc metabolism, MTs are also involved in
copper storage and exchange.?* Considering this, it is also pos-
sible that low serum levels of copper may have contributed
together with the low serum zinc levels to the markedly reduced
immunolabeling of MTs in skin with DS.

Conclusions

This study shows a correlation between liver disease and the
skin quality of farmed alligators. DS is considered anecdotally
as a multifactorial skin condition. Our results suggest that DS
can result from a series of nutritional imbalances especially in
diets with high levels of vitamin A and iron, and that zinc defi-
ciency likely plays a role. Lower zinc levels were paradoxical,
developing in alligators with higher hepatic and dietary levels
of zinc compared with controls. As the liver is the main organ
responsible for the zinc metabolism,'® liver diseases could be
responsible for zinc deficiency in this case. There is limited
knowledge on the nutritional needs of captive crocodilians.
The results of this study indicate that the current recommended
dietary vitamin A concentrations between 12,000 and 17,000
Ul/kg are safe, while higher concentrations administered over
months may be hepatotoxic in crocodilians. Similarly, levels of
copper and iron appear to be safe at the respective doses of 20
and 600 ppm. Finally, zinc concentration at 236 ppm in croco-
dilian diets seems adequate.
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