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Hepatic lipidosis is prevalent in pet bearded dragons (Pogona vitticeps). The 

objectives of this study were to develop a microscopic histological system to score the 

severity of hepatic lipidosis in this species, determine the prevalence and 

epidemiological risk factors associated with hepatic lipidosis, survey bearded dragon 

owners to learn more about their feeding practices and supplement use, to understand 

the metabolic derangement associated with hepatic lipidosis, to identify novel plasma 

biomarkers that could be used for non-invasive diagnosis and monitoring of hepatic 

lipidosis, to evaluate computed tomography (CT) as a diagnostic tool for hepatic 

lipidosis in bearded dragons, and to assess gemfibrozil’s efficacy at reducing hepatic fat 

content and improving plasma biomarkers. 

The final grading system developed included 2 semi-quantitative and 1 

quantitative category: percent of cytoplasm occupied by lipid vacuoles in hepatocytes, 

fibrosis, and disruption of hepatic cords. Hepatic cord disruption was indirectly 

quantified by counting the number of nuclei per unit area. Cut-off values defined severity 

tiers into mild (final score 1-4), moderate (5-7), and severe (8).  



 

 

 

 

iii 

The study cohort showed a high prevalence (219/571 cases, 38.3%, 95%CI: 

34.4-42.3%) of hepatic lipidosis. On multiple logistic models, the occurrence of 

infectious disease and neoplasia were associated with decreased hepatic lipidosis 

grade and severity, while the female sex and adult age were associated with increasing 

grade and severity. 

 Nutritional survey analysis revealed that approximately half of the survey 

participants, especially the younger respondents, were feeding imbalanced diets with 

less than 50% plant material and more than 50% insects. 

Hounsfield units from CT were negatively associated with increased hepatic 

vacuolation while ultrasound and gross evaluation of the liver was not reliable. On 

biochemistry, low beta-hydroxybutyric acid (BHBA) was significantly associated with 

increased disease severity. Metabolomics and lipidomics data found BHBA and succinic 

acid to be the best biomarkers for diagnosis of moderate to severe disease. Succinic 

acid was significantly lower in the gemfibrozil group and there was a tendency for 

improvement of biomarkers and reduced fat in the liver of bearded dragons with 

moderate to severe disease in this group, though not statistically significant. 
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1 Literature review  

1.1 Hepatic lipidosis in reptiles  

Hepatic lipidosis, also known as fatty liver disease, or hepatic steatosis, is a 
condition affecting several reptilian species. This disease is particularly common in 
bearded dragons (Pogona vitticeps), one of the most popular pet reptiles worldwide.294 
It is also the most frequently diagnosed non-infectious disease at the Ontario Veterinary 
College (OVC)-Avian and Exotics Service and is frequently a diagnosis on post 
mortem.78  

The basis of this condition involves excess lipid accumulation, mainly 
triacylglycerols, within the hepatocytes resulting in impaired cellular function ultimately 
leading to liver failure, dyslipidemia, and death.37,81,91,92,303 Owners may initially note 
gradual reduction in appetite, weight loss, decreased fecundity, and change in urate 
pigmentation (biliverdinuria), which progresses to poor musculature, generalized 
weakness, pale mucous membranes, anorexia, and depression in its advanced 
stage.81,151,221,312 The majority of chronic cases present to veterinarians with nonspecific 
or absent clinical signs.212 

Hepatic fat content can vary depending on the season, nutritional, and 
reproductive status of the animal; thus the presence of hepatic fat is not always 
indicative of pathogenic lipidosis.79,81,295 Unfortunately, the amount of acceptable 
hepatic fat based on season and reproductive status is poorly defined.221 While adipose 
tissue is a major source of lipogenesis in mammals, the liver is the main site of 
lipogenesis in sauropsids.77,275,277,333 In addition, lipids are stored within specialized 
coelomic fat bodies and not diffusely in adipose tissue located throughout the coelom or 
subcutaneously, like birds and mammals. Female reptiles, and other sauropsids, 
undergo vitellogenesis during the reproductive season for egg production.277 This is an 
estrogen controlled process whereby vitellogenin, a protein carrying a small amount of 
phospholipid, and very low density lipoproteins (VLDLs), carrying a large amount of 
phospholipids, are synthesized by the liver for transport to the ovary for follicle 
formation.277 Sources of lipid for this synthesis can originate from ingested nutrients, 
lipids stored in the liver, or from the fat bodies.277  

When prolonged folliculogenesis and follicular stasis occur, hepatic lipidosis 
characterized by elevated triglycerides can occur.77,222 In addition, females who do not 
breed still undergo hepatic lipogenesis for follicle development and are prone to hepatic 
lipidosis and obesity.81,123,151,223 Some authors believe that non-breeding females 
chronically store lipids in their livers in anticipation of reproductive activity and exceed 
their metabolic ability to prevent hepatocyte damage.312 These reproductive 
abnormalities may be secondary to abnormal photoperiods and temperatures, as well 
as long-term isolation of induced ovulators.221 While this mechanism may be a factor in 
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female bearded dragons, hepatic lipidosis is also seen with a high frequency in males at 
the OVC-Avian and Exotics Service.  

Anorexia may be an inciting cause of hepatic lipidosis in some reptiles as in cats 
and guinea pigs. A low dietary glucose can result in decreased insulin release which 
promotes peripheral lipolysis releasing free fatty acids and glycerol.37 The free fatty 
acids and glycerol can be transported to the liver where they undergo fatty acid 
oxidation and ketogenesis to produce ketone bodies such as beta-hydroxybutyric acid 
(BHBA), as well as gluconeogenesis, respectively.277 During this time, lipid synthesis is 
reduced and it is suspected that reptiles can also reduce their metabolism resulting in 
normal non-esterified fatty acids (NEFA), glycerol, and ketone plasma levels.225,278,308 In 
addition, a reduced protein intake results in reduced lipoprotein VLVD synthesis 
allowing for accumulation of lipid in the liver from reduced export.37 Methionine, 
arginine, and carnitine are important amino acids for lipid metabolism in mammals and 
deficiencies may also play a role in reptile hepatic lipidosis.37 The pathogenesis of 
hepatic lipidosis secondary to anorexia is unlikely in reptiles due to their ability to reduce 
their metabolic rate with prolonged fasting, as demonstrated by pythons and 
Sternotherus turtles.26,27,277 In addition, most reptiles are intermittent feeders and may 
be more adapted to prolonged periods of anorexia than pet mammals. 

Many other risk factors for hepatic lipidosis are proposed in the literature such as 
high-fat diets, chronic hyporexia, deficiency in lipotrophic dietary factors, decreased 
activity, low environmental temperatures, non-hibernating temperate species, 
hypothyroidism, hyperparathyroidism, systemic illness and chronic 
stress.37,79,91,221,272,282,309,312 However, prospective data is lacking. Several cases of 
hepatic lipidosis are suspected to be secondary to poor diet and husbandry have been 
reported.350 Based on ecological studies, an adult bearded dragon should consume a 
diet composed of 50 to 90% vegetables, minimal fruits, and 10 to 50% gut-loaded and 
dusted insects.72,206,265,317 At OVC, many bearded dragons that present for evaluation 
consume high fat larval insects (18-29% crude fat)102,103 throughout their lives. It is 
plausible that a chronic increase in dietary fat results in increased absorption and 
transport of fatty acids to the liver for lipogenesis where triglycerides accumulate and 
cause impairment of metabolism and export to the fat bodies as lipoprotein bound 
VLDLs.277,312 In the Avian and Exotics Service at the OVC, chronic increase in dietary 
fat intake is thought to be the most commonly observed mechanism leading to hepatic 
lipidosis in bearded dragons. It is also possible that high dietary fat, high plasma free 
fatty acid levels, and increased hepatic fat content leads to insulin resistance and 
inhibited hepatic lipolysis as demonstrated in humans.117,128  

Leptin is being studied in reptile species. Several studies have demonstrated the 
presence of leptin in various organs including fat bodies, liver, thyroid and 
brain.68,101,270,301 Investigations of the link between leptin levels, food intake, and 
metabolic rate have revealed that as levels decrease over nesting season in hawksbill 
sea turtles (Eretmochelys imbricate), they are stimulated to forage during post-nesting 
migration.133 In addition, leptin levels fluctuate with fat body mass, and supplementation 
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allows immune stimulation, body temperature increase, and reduced food 
consumption.251,270,346 However, the link between leptin levels and hepatic lipidosis has 
not yet been made. 

Studies on Whiptail lizards (Cnemidophorus tigris) prior to hibernation 
demonstrated that the liver was composed of 10-48% lipids with oleic and linolenic 
acids having the highest proportions of fatty acid chains within various lipid types, 
followed by palmitic and arachidonic acid.39 Arachidonic acid was the only fatty acid that 
had higher proportions in the liver compared to the carcass and fat bodies.39 Other 
major fatty acids identified include myristic, palmitoleic, stearic, and linolenic acid.39  

Changes in fatty acid composition and selection of temperature within a thermal 
gradient, secondary to a diet rich in saturated fatty acids, has been studied in agamid 
lizards indicating that lizards select warmer temperatures for the maintenance of 
membrane and tissue lipid fluidity as the ratio of saturated to unsaturated fatty acids 
increases.127  

Temperature has been shown to alter triacylglycerols and hormone-sensitive 
lipase activity, which are known to regulate lipid metabolism.233,302,303 In a study of 
Przewalski’s Toadhead Agama (Phrynocephalus prezewalskii) lizards, the total 

saturated fatty acid content of the liver increased as the temperature rose from 4C to 
38C with palmitic acid and steric acid being the predominant fatty acid chains.302 Free 
cholesterol and cholesterol esters were found to make up a small portion of the total 
lipids.302 In lower temperatures, polyunsaturated fatty acids, mainly linoleic acid, 
linolenic acid, and docosahexaenoic acid were found to be the predominant fatty acid 
present in the liver with a low percentage of saturated fatty acids.302  

These studies have demonstrated that several factors can affect the plasma and 
organ proportion and concentration of saturated and unsaturated fatty acids. 

1.2 Hepatic lipidosis in birds  

Hepatic lipidosis has been reported in a variety of birds including psittaciformes, 
galliformes, passeriformes, falconiformes, strigiformes, and trochiliformes.71,110,124,156,157, 

169,196,207,208,288,298,356 In a retrospective review of avian diseases diagnosed from 
pathology samples, hepatic lipidosis was diagnosed in 7.7% cases, primarily in 
psittaciformes.249 These cases commonly had concurrent conditions such as 
atherosclerosis or an infectious etiology.249 Hepatic lipidosis is known to be fatal in 
domestic turkeys whose pathology parallels non-alcoholic steatohepatitis (NASH) in 
humans when fed low protein, high energy diets; however, the etiology and 
pathogenesis is unclear.124,339 It is also reported to play a role in a leading cause of 
mortality in chickens, fatty liver hemorrhagic syndrome.330 The majority of the chickens 
with this condition were female, obese, and in active lay.330 A prevalence of 
approximately 40% has been reported in commercial caged laying hens with heavier 
birds more likely affected.304 
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Birds are phylogenetically close to reptiles and, along with reptiles, are part of the 
Sauropsid clade. Similar to reptiles, lipogenesis occurs in the liver and so metabolic 
abnormalities can lead to pathogenic accumulation of fat, mainly triacylglycerols.18,207,288 
Therefore, it is suspected that hepatic lipidosis occurs when hepatic triacylglycerol 
formation exceeds the synthesis or export of VLDLs out of the hepatocytes.135 Known 
risk factors include high fat diets, especially animal fats, excess dietary carbohydrates, 
increased mobilization of triglycerides to the liver as a result of starvation or endocrine 
disorders, choline, methionine, or biotin deficiencies leading to decreased transport of 
lipids from the liver, estrogen-controlled lipogenesis in female birds, metabolic diseases, 
minimal activity, and toxicities such as aflatoxicosis.71,82,124,156,157,208,298,331 In turkeys, low 
protein diets and methionine deficiency are key risk factors.124,359 In laying hens, higher 
feed intake and estrogen are thought to play a significant role in the pathogenesis of 
fatty liver hemorrhagic syndrome.305 

Birds with hepatic lipidosis can present with obesity, anorexia, lethargy, ventral 
abdominal hernias, hepatomegaly, yellow to green urates, and can have elevated 
alanine aminotransferase (ALT), asparate aminotransferase (AST), lactate 
dehydrogenase (LDH), creatine kinase, and cholesterol as reported in a red lory (Eos 
bornea), a barred owl (Strix varia), and a common mynah (Acridotheres 
tristis).156,169,196,208 Turkeys can present with dyspnea and prostration while chickens are 
usually asymptomatic or show decreased egg production prior to sudden death from 
liver rupture.9,47,147  

1.3 Hepatic lipidosis in humans   

Fatty liver disease has been extensively studied in people and is present when 
greater than five percent of the liver weight is hepatic fat.242,285 Two main divisions of 
this condition include alcohol-induced fatty liver disease and non-alcoholic fatty liver 
disease (NAFLD).61,67,242 

Hepatic lipidosis is a veterinary term and the equivalent disease is termed NAFLD 
or hepatic steatosis in people. Non-alcoholic fatty liver disease is defined as fat 
accumulation within the hepatocytes (hepatic steatosis) without predisposing causes 
such as alcohol consumption, medication with steatogenic effects, hereditary disorders, 
or chronic liver disease.61 Known associations include obesity, and metabolic 
syndromes including type 2 diabetes mellitus, insulin resistance, hypertension, 
hypothyroidism, and dyslipidemia characterized by low serum high-density lipoprotein 
(HDL) and high serum triglycerides.43,61 Sex and age have also been associated as the 
prevalence in males is twice that of females and prevalence and stage of lipidosis 
increases with age.61,271 Although the pathogenesis is unclear, it is thought to be 
multifactorial, and increased uptake of fatty acids into the liver with impaired fatty acid 
oxidation, increased lipogenesis, reduced secretion or overproduction of hepatic VLDL, 
and dysregulated clearance of lipoproteins have all been implicated in fatty liver 
disease.49,64,316,327 Initially there is abnormal triglyceride storage in hepatocytes from 
non-esterified fatty acids released during lipolysis secondary to insulin resistance and 
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fasting, lipogenesis, and dietary fats.337 A large amount of intra-abdominal fat is thought 
to be one of the causes of increased free fatty acid mobilization to the liver.190 Once the 

NEFA arrive at the liver they undergo -oxidation, are used in the synthesis of 
triglycerides, or are exported as VLDLs,.190,201 As steatosis progresses, there is a 
decrease in ketogenesis and an upregulation of the tricarboxylic acid (TCA) cycle to 
metabolize the acetyl coenzyme A derived from β-oxidation that would normally serve to 
produce ketones.109 Subsequently, excessive free fatty acid oxidation causes free 
radical formation and mitochondrial toxicity resulting in lipotoxicity.218 Lipotoxicity 
promotes inflammation through an immune response as well as through the inhibition of 
adiponectin and increased release of leptin.36,241,322 However, most obese subjects have 
a factor of leptin resistance.60,355 There is also a shift in the gut microbiota, which in turn 
can promote de novo synthesis of lipids.28,205 Lastly, genetic factors such as a single 
nucleotide polymorphism in patatin-like phospholipase 3, which has been associated 
with progression to NASH, and inflammatory response to fat in the liver, is thought to 
play a role in NAFLD.139,190 

Clinical signs for NAFLD are non-specific to asymptomatic and hepatic biopsies 
may be pursued due to incidental finding during computed tomography (CT) or surgery, 
or due to elevation of hepatic enzymes.242 Early diagnosis through biopsies and 
intervention, such as gastric bypass, has been correlated with reduced progression to 
cirrhosis and reduced mortality.116  

1.4 Hepatic lipidosis in mammals    

Hepatic lipidosis affects many mammalian species, and the disease process has 
been well studied in cats. However, as strict carnivores, their protein and fatty acid 
metabolism is different from omnivores including humans and dogs.334,336 This acute 
syndrome occurs secondary to anorexia resulting from stress, diet change, or 
underlying conditions such as diabetes mellitus, pancreatitis, and renal failure.58,128 
Anorexia places the cat in a catabolic state resulting in peripheral lipolysis, which 
releases free fatty acids that are taken up by the liver for ketogenesis and 
gluconeogenesis.128 An imbalance occurs, predominantly in obese cats, resulting in a 

high influx of non-esterified fatty acids which the liver’s rate of fatty-acid -oxidation, 
although increased, cannot keep up with, resulting in triacylglycerol accumulation.128,333 

This increased hepatic -oxidation produces ketones such as BHBA, which has been 
suggested as a feline hepatic lipidosis marker.14,333 This pathophysiology is supported 
with the improved fatty-acid oxidation and reduced lipid accumulation in feline hepatic 
lipidosis with the supplementation of L-carnitine, the transporter of fatty acids into the 

mitochondria for -oxidation. 98,333  

Cats present with jaundice, gastrointestinal signs, weakness, and ventroflexion.128 
A biochemistry panel may reveal elevation in alkaline phosphatase (ALP), ALT, and 
AST.58 Hyperglycemia may also be present due to insulin resistance.58,62  
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Guinea pigs can rapidly develop hepatic lipidosis when anorexic for more than 12 
hours and can have significant hepatic changes within 48 hours.148,332 Guinea pigs have 
similar hepatic cholesterol synthesis, storage, and catabolism to humans and they 
transport the majority of their cholesterol as low-density lipoproteins, which may play a 
key role in the pathogenesis of their hepatic lipidosis.76,100 However, the pathogenesis of 
this disease process is unclear in pet guinea pigs. Similar to cats, it is suspected that 
fasting or anorexia induces pathogenic mobilization of fatty acids and glycerol to the 
liver for ketogenesis and gluconeogenesis, resulting in increased fatty acid uptake by 
the liver.73,293 These changes were more significant in animals that were consuming 
high energy feed prior to fasting.192 A retrospective study indicated that 72% of guinea 
pigs with a history of anorexia had hepatic lipidosis on necropsy with 60% of these 
animals being obese.314 Other reported risk factors include lack of exercise, 
malnutrition, endocrine or metabolic disorders, hepatotoxins, and periparturient cavies 
with pregnancy toxemia.119,121,148 

Hepatic lipidosis is also a common condition in dairy cows due to their genetic 
selection for increased milk production.10,33,136 In the periparturient phase, many cows 
cannot consume the nutrient requirements to reach the energy demands of 
lactation.145,244 Obesity, elevated estrogen levels, feeding excessive energy, feed 
restriction or fasting, long calving intervals, and underlying disease or infection are other 
reported risk factors in dairy cows.33,87,130,180,321,349 In response to the metabolic 
imbalance, there is a rapid mobilization of fat to be used as energy.33,137 Similar to other 
mammals, hepatic lipidosis occurs when the hepatic uptake of NEFAs exceeds the 
livers ability to oxidize and export triacylglycerols as VLDLs.33,164 In ruminants, the 
secretion of VLDLs is limited resulting in excessive storage of triacylglycerols and 
decreased hepatic function.33,126,164 In a fasted model, insulin response was found to 
play a role in hepatic lipidosis and had a negative correlation with plasma NEFA and low 
BHBA.256 
 

This metabolic disorder can affect up to 50% of high yielding cows and they can 
present with ketosis, anorexia, reduced rumen motility, weight loss, reduced fertility, and 
reduced milk production.173,286,335 However, a weak correlation between clinical signs 
and severity of hepatic lipidosis has been reported.177  
 

1.5 Hepatic sampling, histopathology, and grading  

1.5.1 Histopathology in reptiles  

Histologically, hepatic lipidosis in reptiles is characterized by hepatocytes and 
Kupffer cells containing macro and micro lipid vesicles, which occasionally displace the 
hepatocyte nucleus and cause hepatocyte enlargement.81,272 Inflammatory cells can 
occasionally be noted in the parenchyma along with mild fibroplasia in animals 
progressing towards cirrhosis, but this progression is uncommon.37,91,138,309 Hepatic 
fibrosis has been reported in reptilian species secondary to chronic injury, infection, and 
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neoplasia but has not been correlated with hepatic lipidosis.83,120,182,185 Current 
recommendations in reptiles suggest a diagnosis of hepatic lipidosis when more than 
20% of the parenchyma’s entire cytoplasm is vacuolated with lipid.81,268 The disease is 
considered moderate when 80% of the parenchyma is affected and marked when 100% 
of the parenchyma is affected.81,268 However, to date, there is no consensus for a 
grading system for the severity of hepatic lipidosis in reptiles. In addition, guidelines on 
interpretation of acceptable hepatic fat content in regards to species, season, and sex is 
poorly defined.221 In bearded dragons specifically, a certain degree of hepatic fat 
content and microvesicular lipidosis may be physiological and it is unclear what amount 
is considered pathological.81,295 When collecting samples, the liver may appear tan/ 
yellow to white, swollen with rounded margins, friable, greasy on the cut surface, and 
may float in formalin.37,78, 91 Caution is recommended before assuming all vacuoles are 
lipid as some can contain water, glycogen, and nonlipid material.78  

1.5.2 Histopathology in birds  

Similar to reptiles, liver lobes of birds with hepatic lipidosis are enlarged, friable, 
pale yellow to brown with rounded borders, and may float in formalin.157,207,208,288,298 
Histologically, diffuse round cytoplasmic vacuolizations are present along with necrosis 
of hepatocytes.18,118,208 Chickens have a unique fatty liver hemorrhagic syndrome where 
there is reticulolysis, suspected to be secondary to inflammation, resulting in liver 
rupture.118,306,330 In laying hen chickens, the vacuolization is patchy and mainly present 
over the centrilobular areas with micro or macro vesicles in the cytoplasm, focal 
inflammation with lymphocytes and heterophils, hemorrhage and congestion of the 
sinusoids surrounding the central vein, and subcapsular and intraparenchymal 
hematomas.305,330  

1.5.3 Histopathology in humans  

Histologically, NAFLD in humans is defined when there is 5% of hepatic 
steatosis on low power objectives, with or without inflammation, and absent 

hepatocellular ballooning. Non-alcoholic steatohepatitis is defined when there is 5% of 
hepatic steatosis with hepatocellular ballooning, and can have lobular inflammation, 
apoptotic bodies, and fibrosis.2,43,61,143,242 This condition can progress to liver cirrhosis 
and hepatocellular carcinoma and has also been correlated with metabolic syndrome 
and coronary artery disease.179,214,242,320 Non-alcoholic steatohepatitis also has a 
specific pattern of liver injury where changes begin in the centrilobular perisinusoidal 
region of the liver and become pan-lobular with progression of disease.43,242 The 
morphology of steatosis consists predominantly of macrovesicular steatosis where large 
lipid droplets displace the nucleus or small droplets maintain its central position.242 
Microvesicular steatosis is predominantly present in steatosis associated with 
pregnancy or alcoholic liver disease.242 However, it can be present in single 
hepatocytes or small regions of the liver in NAFLD.43,242 In order to reduce sampling 
error in humans, a 2-3cm 16 gauge needle with two core biopsies of at least 15mm, and 
with at least 10 portal tracts reviewed by a single pathologist, is recommended.340  
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In 2005 a scoring system called the NAFLD Activity Score by NASH Clinical 
Research Network was validated to grade the potentially reversible histological changes 
(severity) of NAFLD and the response to therapy.184 Grades were provided for steatosis 
(0: <5%, 1: 5-33%, 2: 33-67%, 3: >67%), lobular inflammation (0: no foci, 1: < 2 foci per 
20x field, 2: 2-4 foci per 20x field, 3: >4 foci per 20x field), and ballooning (0: none, 1: 
few, 2: may).184 Lipogranulomas were noted to be present but, due to their common and 
non-specific nature, they were not included in the grading of lobular inflammation.43,242 
Although still relevant, fibrosis was not included in the grading system as it was not 
reversible and was thought to occur as a result of NAFLD.184,242 A cumulative score of 

5 was consistent with the diagnosis of NASH while scores of <3 were considered 
NAFL.184 Further modification of this grading system have been proposed to help 
distinguish NASH from NAFL with NASH having evidence of both lobular inflammation 
and ballooning.25  

The major feature of NASH is ballooning where the hepatocyte is at least 1.5 to 2 
times larger than a normal hepatocyte (>30um) and contains pale cytoplasm with 
Malory Denk Bodies and a hyperchromatic nucleus.43,44,193,242 However, there is large 
intra-observer and inter-observation variability when evaluating ballooning, as 
demonstrated in the NASH Clinical Research Network validation study.184 In order to 
reduce this variability, immunohistochemistry can provide objective evidence of 
ballooning and fibrosis. Ballooned cells lose their immunohistochemical markers for 
hepatocyte keratins (K8/18) and gain staining for ubiquitin, indicating hepatocyte injury 
and increased risk of fibrosis.98,143,279 This loss of K8/18 cell marker does not occur in 
other causes of cell ballooning such as hepatitis.193 Transmission electron microscopy 
has demonstrated that ballooned cells accumulate fat droplets, have enlarged 
mitochondria, and have droplet dilated endoplasmic reticulum.50,184 Some authors 
believe that oxidative injury to the fat droplet surface and the endoplasmic reticulum, 
from excess free fatty acid metabolism, alters the metabolism and dispersal of free fatty 
acids resulting in accumulation and further oxidative stress.50,113,255  

Steatosis can have chronic mixed lobular inflammation consisting of 
lymphocytes, Kupffer cells, and macrophages in the centrilobular region.43,242 The 
severity of inflammation has been linked to progression of disease and the stage 
fibrosis where portal fibrosis can progress to bridging fibrosis and cirrhosis.13,43 A meta-
analysis found inflammation and age to be predictors of progression of NASH to 
advanced fibrosis.13  

With progression of NASH, fibrosis can occur and progress to cirrhosis.242 Initially 
fibrosis begins in the centrilobular region and surrounds the hepatocytes and 
sinusoids.242 Staging of the disease, which is reported separate from the grading of the 
disease, refers to the amount of fibrosis present in the liver: stage 1 (pericellular, 
periportal fibrosis), stage 2 (percellular and peroportal or portal fibrosis), stage 3 
(bridging fibrosis), and stage 4 (cirrhosis).61 Multiple studies have shown that the stage 
of fibrosis is associated with morbidity and mortality.93,144,338 Masson’s trichrome stain 
can be used for the early detection of fibrosis and has been used to further grade 
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fibrosis as stage 1a when detection of pericellular fibrosis is only present with Masson’s 
trichrome stain and stage1b when pericellular fibrosis is visible with Hematoxylin-eosin 
(HE) stain.184,242  

1.5.4 Histopathology in mammals   

In cats, liver aspirates from different sites are collected for cytology and a definitive 

diagnosis is made when 80% of hepatocytes contain cytosolic fat vacuoles of mixed 
size.57,58 Liver biopsies are reserved for patients not responding to treatment within 10 
days or for patients making a partial recovery in search of an underlying pathology.58 On 
histopathology, a definitive diagnosis of severe hepatic lipidosis can be made when 
there is diffuse lobular involvement where >50% of the hepatocytes contain cytosolic fat 
vacuoles.57 The difference in percent of hepatocytes affected between cytology and 
histology could lead to underdiagnoses of this disease based on liver aspirates alone.  

A histology and immunohistochemistry study in cats demonstrated the presence of 
inflammation, cell ballooning, and fibrosis in hepatic lipidosis biopsy samples.128 Results 
indicated that as the amount of lipidosis increased, the regenerative capacity of the 
hepatocytes decreased, which was demonstrated by reduced immunostaining of 
hepatic progenitor cells.128 However, other studies have found variable immunostaining 
responses and so a clear pattern has not been determined.333 In addition, although mild, 
the predominant inflammatory cells were neutrophils; unlike humans where 
macrophages and lymphocytes predominate as part of a cell mediated response and 
activation of hepatocyte regeneration.128 All samples were positive for increased 
myofibroblast activity on immunohistochemistry which is a precursor for fiber 
deposition.128 Overall the changes were mild in comparison to human steatosis and did 
not show evidence of NASH-like progression.128,333  

In guinea pigs, fine needle aspirates of the liver can be diagnostic as marked lipid 
vacuolization of hepatocytes is visible.121 Like other animals on necropsy, they can have 
an enlarged pale, greasy liver with hepatic lipidosis.74,332 Histologically, in guinea pigs 
with dietary induced hepatic lipidosis, there were microvesicular and macrovesicular 
lipid droplets in the hepatocytes in the centrilobular and midzonal regions with rare 
inflammation.75 In longer term hepatic lipidosis, single cell necrosis was also apparent.74  

In cows, mild hepatic lipidosis was characterized by multifocal microvesicular 
changes in the centrilobular zone near the hepatic vein.56 As the severity progressed to 
moderate lipidosis, the lipid accumulation had more widespread vacuolation to the 
midzonal section and macrovesicles in the centrilobular hepatocytes.56 Severe hepatic 
lipidosis had diffuse vacuoles in all zones of the liver, with equal quantities of 
macrovesicles and microvesicles, minimal necrosis, and polymorphonuclear 
granulocyte inflammation.56,177 A grading system with 6 different degrees (Grades der 
Leberverfettung or GdL) ranging from no fat (0) to pan-lobular fatty infiltration (5) has 
been used to classify the degree of hepatic lipidosis in cows.177,319 Additional 
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histological findings reported include lipogranulomas and compression of nuclei and 
sinusoids.287 

1.6 Non-invasive diagnosis of hepatic lipidosis  

Diagnosis of hepatic lipidosis in reptiles is challenging as there is minimal scientific 
information available beyond basic descriptive studies. Plasma biochemistry values can 
be insensitive to screen for this liver disorder in many species and, although liver 
analyte changes in association with hepatic lipidosis have been discussed in 
literature,4,151,183,186, 223,309,312 these values are generally not significantly elevated unless 
the disease is severe.61,91,168,212,217,221,272 In children, evidence has shown that ALT 
values underestimate the histological abnormalities of hepatic lipidosis and 
measurement of this analyte has poor sensitivity and specificity as a screening 
test.238,300 However, in reptiles, serum or plasma triglycerides are often elevated during 
vitellogenesis, follicular stasis, prehibernation, and hepatic lipidosis.81,91,165,221 A study in 
red footed tortoises (Chelonoidis carbonaria) indicated concentrations of triglycerides 
significantly increased with the severity of hepatic lipidosis diagnosed by 
histopathology.91 To date, no reptile liver function test has been validated91,221 and 
hepatic enzyme activities have not been determined in bearded dragons. Pre and post 
prandial bile acids have been measured in red-eared sliders (Trachemys scripta 
elegans) and green iguanas (Iguana iguana) and are inconsistent.187,224 However, a 
level of less than 60umol/L is considered to be normal.37   

In psittaciformes, hypercholesterolemia with an elevated low-density lipoprotein 
has been correlated with hepatic lipidosis.318 Other markers such as ketone bodies in 
serum and urine are noted to be reliable in guinea pigs.297 Specifically, serum BHBA 
was found to be elevated after 3 days of fasting, with a more significant increase in 
obese guinea pigs.297 Subsequently, there was a drop in BHBA within 12 hours of 
feeding with obese animals having a more significant decline.297 In addition to 
monitoring BHBA, bile acids have been found to have a good correlation with histologic 
hepatic lipidosis while ALT was not reliable.297 In cows, though most biochemistry 
analytes have a low sensitivity and specificity for determining severity of hepatic 
lipidosis, ornithine carbamoyl transferase, AST, and total bilirubin have been found to 
correlate well with the degree of hepatic lipidosis.56,177 Though these biomarkers appear 
promising, large scale studies are still required for validation.  

In the absence of reliable blood biomarkers, the diagnosis of hepatic lipidosis 
heavily relies on advanced imaging modalities such as CT and magnetic resonance 
imaging, or liver biopsies with histopathology; which is typically performed at a later 
stage in the disease process. Liver histopathology remains the gold standard for 
diagnosing hepatic lipidosis in human and veterinary medicine,61,81,282,309,348 however, 
due to the invasive nature, morbidity and mortality associated with sampling, and cost, 
various imaging modalities continue to be investigated.61,81,140,215,283,290  
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Magnetic resonance imaging and magnetic resonance spectroscopy are the most 
accurate non-invasive imaging modalities for quantifying hepatic lipid content in 
humans.34,253 This imaging modality has been noted to be of value in diagnosing hepatic 
lipidosis in reptiles,81,309 however, due to the cost associated with imaging, and long 
anesthesia times, it has been understudied. A case report of a gravid Leopard tortoise 
(Stigmochelys pardalis) utilized magnetic resonance imaging and described lipids to be 
bright on T1-weighted images but failed to discuss its relevance in regards to the 
reported hepatic lipidosis.283 

CT is a more affordable and available imaging modality for reptile owners, and it is 
commonly used at the OVC-Avian and Exotics Service. Non-contrast enhanced CT has 
been proven to be a reliable method of determining hepatic fat content in human 
medicine in the diagnosis of hepatic steatosis.261,273 This imaging modality allows for 
quantitative measurement of radiodensity, in Hounsfield units (HU), based on the x-ray 
absorption of various tissues.89 A decrease in CT attenuation has been correlated with 
an increase in hepatic fat.89 In a meta-analysis comparing the diagnostic accuracy of CT 
with liver histopathology in humans, a mean sensitivity of 46.1-72.0% and a mean 
specificity range of 88.1-94.6% was calculated for mild hepatic steatosis (<30% fat 
content) and 30% hepatic fat was correlated with approximately 40HU on CT.34,188 The 
sensitivity of this modality increased as the hepatic fat content increased.34 However, 
this analysis was completed on varied study populations and varied study designs 
reducing the reliability of the results. Non-contrast CT studies in cats have 
demonstrated opposing results and is currently not used for diagnosis of hepatic 
lipidosis.194,216,247 However, one of the studies found that as the hepatic CT HU 
decreased, a serum increase of NEFA and BHBA occurred.14,31,247 

Although CT has not been used to extensively study reptile livers, it has been used 
to determine the mean liver density in apparently healthy Herman’s tortoises (Testudo 

hermanni) (50-70 HU), juvenile green sea turtles (Chelodina mydas) (60.09  5.3HU), 

red-eared sliders (55.78  11.66HU), Blanding’s turtles (Emydoidea blandingii) (97.5HU 

 9.6HU), green iguana (77.30  6.2HU), and free-ranging boa constrictors (Boa 

constrictor) (61.76  7.11HU).35,141,183,248,313,315 In the study of Blanding turtles, the 
hepatic density was found to be significantly higher during follicular development.183 
This was suspected to be secondary to mobilization and utilization of triglycerides from 
the liver for folliculogenesis resulting in an overall reduced hepatic fat content.81,183 
Studies correlating histological fat content with hepatic density on CT in testudines 

concluded that liver density values greater than 55  11HU were within normal limits, 
while values between 15-40HU were indicative of hepatic lipidosis, and values less than 
20HU, correlating with severe hepatic lipidosis.132,140,215 It was considered helpful to 
compare the liver fat content to the fat bodies.79 Additional studies have reported 
hepatic lipidosis in chelonians and a tiger salamander (Ambystoma tigrinum) based on 
values below 21HU and initial stages of hepatic lipidosis in captive boa constrictors 

(48.78  6.57HU) in comparison to values in free ranging boa constrictors, but these 
cases were not confirmed by histopathology.69,183,215,315 At the OVC-Avian and Exotic 
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service, CT is routinely used to diagnose hepatic lipidosis in bearded dragons with 
hepatic HU values lower than 10 or even in the negative range.  

Contrast-enhanced CT has been studied in various species, including captive 
green iguanas, and was useful to study liver hemodynamics but was not reliable to 
detect hepatic steatosis, as contrast was noted to interfere with attenuation of the liver 
depending on the concentration and volume of the contrast agent, rate of 
administration, and the time to imaging post-injection.1,171,248  

Computer-aided ultrasound diagnosis, through calibrated digital analysis, has 
been investigated as a non-invasive screening test for hepatic lipidosis in cows and is 
found to be a feasible for herd health programs.319 Although the sensitivity of 
ultrasonography is sufficient in mammals, it lacks specificity and it has not been proven 
as a screening tool in human or veterinary medicine, since it only provides a qualitative 
assessment of hepatic fat and is prone to operator variability.34,61,188,216,323 This imaging 
modality can demonstrate an enlarged and diffusely hyperechoic liver (a finding that is 
also present in healthy but obese cats)197,250 but its sensitivity to determine subtle 
changes is limited and, in our experience, it has not proven to be reliable in bearded 
dragons.80,81,155,309  

1.7 Metabolomics and lipidomics  

Finding more reliable biomarkers of hepatic lipidosis, especially during early 
disease development, will allow better disease screening, diagnosis, early 
management, and follow up of this condition in reptiles. Metabolomics is the 
comprehensive analysis of plasma low molecular weight metabolites by mass 
spectrometry or nuclear magnetic resonance spectroscopy.292 Its subset, lipidomics, 
focuses on the quantitative measurement of lipids by mass spectrometry.67 Metabolomic 
profiling of bearded dragon plasma may allow for the identification of key biomarkers 
associated with various stages of hepatic lipidosis. Serial lipidomic analyses may show 
important trends and help understand pathway alterations underlying the development 
of hepatic lipidosis in this species.67 

Metabolomic and lipidomic profiling has been used to study NASH in humans. 
Results revealed increased serum triglycerides including polyunsaturated fatty acids 
and phospholipids, total cholesterol, low-density lipoproteins, and VLDLs, respectively, 
with reduced HDLs.209,234 Dyslipidaemia in humans is characterized by low HDLs, high 
triglycerides, high low-density lipoproteins, and elevated VLDLs.61,70 

Further studies have found 20 plasma metabolites including glycerophospholipids, 
sphingolipids, sterols, and aqueous small molecular weight components to be useful in 
differentiating steatosis from NASH.134 Sphingolipids had the most significant 
differences between the groups with dihydrosphingolipids being the most 
discriminatory.134 The biosynthesis of sphingomyelin is thought to begin in the 
endoplasmic reticulum of the liver and its increased production is known to promote 
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insulin resistance, inflammatory mediators, and hepatocyte apoptosis.29,158,189,204,269 The 
increased sphingomyelin and its subunit ceramide, is found in higher concentrations in 
the liver and is thought to be associated with the progression of steatosis to 
steatohepatitis.29,134,189,269 Aqueous liver metabolites were also found to be lower in 
people with NASH in response to inflammation causing succinylation of proteins.228 
These changes lead to activation of factors which can induce hypoxia.213,296 The 

mechanism is thought to occur when the liver’s -oxidation, TCA cycle, and respiratory 
chain cannot keep up with the influx of fatty acids resulting in triacylglycerol synthesis 
which causes hepatocyte enlargement.281 This enlargement in turn reduces oxygen 

supply to -oxidation and the TCA cycle, furthering triglyceride synthesis.281 Large 
validation studies are still required to confirm these lipids as non-invasive biomarkers. A 
large scale study demonstrated that there was a significant increase in concentration of 
triglycerides with saturated and monounsaturated fatty acids, and lower concentrations 
of lysophosphatidylcholine and ether lipids in patients with NAFLD.267 These lipid 
molecules had a moderate sensitivity and specificity in predicting NAFLD.267 These 
findings provided evidence to the pathogenesis of triglyceride synthesis in the liver 
when there is an increased influx of fatty acids.267,281 Lysophosphatidylcholine and ether 
lipids are predominantly found in HDL which reduces during NAFLD.267 

Lipidomics has also been used to study the lipid profile in cats with hepatic 
lipidosis.333 Analysis indicated that cats with hepatic lipidosis had higher triglycerides in 
their liver compared to healthy cats, but results for plasma triglyceride and VLDL levels 
are conflicting.31,42,191,333 Some authors believe these inconsistencies are secondary to 
the short half-life of VLDL and the timeline of sampling as VLDL and triglycerides may 
increase early and then decrease with disease progression.235,333 Another speculation, 
based on human literature, is that the liver has a maximum capacity to secrete VLDL, 
therefore once maximum export is achieved, levels did not continue to rise as 
triglyceride levels did.94,333 Lipidomic analysis of cats with hepatic lipidosis also found 
sphingomyelins, sphingolipids in cell membranes, to be elevated in the liver and plasma 
in cats with hepatic lipidosis.333  

Most of the studies published on lipid metabolism alteration in reptiles have 
focused on fatty acid composition of organs and the plasma, but not on the 
triacylglycerol molecules themselves, or other important lipid classes such as 
phospholipids, sphingolipids, and sterols.39,127,302 Diet, season, body size, and 
reproductive status can all make interpretation of plasma lipid concentrations difficult as 
plasma triacylglycerols are often elevated during vitellogenesis, follicular stasis, 
prehibernation, and hepatic lipidosis.81,91,165,221,277 Quantitative metabolomics between a 
clinically normal bearded dragon and one with hepatic lipidosis, while accounting for 
these confounding factors, may highlight changes in concentration of specific lipids with 
progression or improvement of disease. In addition, completing metabolomics at 
different time points may reveal dynamic changes in the presence of lipids and may 
shed light on understanding the pathogenesis of hepatic lipidosis.67 
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1.8 Prognosis of hepatic lipidosis  

1.8.1 Prognosis in reptiles  

In reptiles with advanced disease and anorexia, the prognosis is guarded to poor 
and could require months to years of nutritional and supportive care for 
improvement.37,79 Current recommendations in attempts to reduce the prevalence of this 
disease include enclosures promoting exercise and foraging; appropriate type, 
frequency, and quantity of feeding; permitting temperature species to hibernate; 
allowing intact females to reproduce; and yearly health exams.37,79 For bearded 
dragons, the recommendation also includes less fruit in the daily diet and a variety of 
gut-loaded insects.37 

1.8.2 Prognosis in birds  

Captive birds with hepatic lipidosis have responded well to dietary modifications, 
increased exercise, and supportive care such as fluids, vitamin B and E supplements, 
and enteral nutrition.169,196 However, in turkeys, outbreaks can occur within days and 
may result in mortality of up to 15% of the flock.124,232 In over-conditioned laying hens, 
fatty liver hemorrhagic syndrome usually presents as sudden death.330  

1.8.3 Prognosis in humans  

Prognosis and mortality with hepatic lipidosis has been extensively studied in 
humans. Patients with NAFLD have an increased mortality rate with the leading causes 
of death being cardiovascular disease, liver disease, and neoplasia, namely, 
hepatocellular carcinoma.3,61,237,358 Patients with NASH are at higher risk for cirrhosis, 
liver failure, and liver related mortality.125 In both categories, fibrosis, noted in 11% of 
people incidentally diagnosed with hepatic lipidosis, has been associated with higher 
mortality.61,354  

1.8.4 Prognosis in mammals  

In cats, prognosis is based on the underlying disease and early treatment, not 
necessarily on the severity of lipidosis.333 An 80-85% recovery rate has been reported in 
cats with early diagnosis of this condition, without significant underlying disease, and 
rapid supportive care.31,58  

Guinea pigs that develop hepatic lipidosis are reported to have a guarded 
prognosis and mortality rates can be high.121,148 The condition is potentially reversible 
but requires immediate treatment of anorexia.121,297  

In dairy cows, severe hepatic lipidosis carries a poor prognosis; those that develop 
hepatic encephalopathy often die despite intervention. Nonencephalopathic severe 
hepatic lipidosis is not lethal, though culling is recommended as these animals never 
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return to their full productivity and often develop severe hepatic lipidosis following their 
subsequent lactation.33  

1.9 Treatment of hepatic lipidosis  

1.9.1 Treatment in reptiles  

Currently, with husbandry changes and supportive care, mainly nutritional, fluid, 
and heat support, reversal of hepatic lipidosis could take several years in reptiles and 
seems to carry a guarded to poor prognosis overall.81,309,312 Medical therapies including 
L-carnitine, silymarin, S-adenosylmethionine, methionine, and vitamins B and C are 
considered experimental and their efficacy is unknown in reptiles.37,79,80,309,312,272 When 
reptiles are anorexic, nutritional support is thought to be required to prevent further 
mobilization of fat stores to the liver, as extrapolated from mammals, and often requires 
placement of long term feeding tubes.212 Small frequent feedings are therefore 
recommended over large infrequent meals.37 In female chelonians with follicular stasis, 
ovariohysterectomy has been show to result in significant improvement of hepatic 
lipidosis over a 6-12 month period.221 Alternatives such as medical treatment to 
encourage regression of the follicles is cautioned against as the ovarian material is 
transported to the liver for metabolism resulting in further hepatic compromise.221 

As in other reptile species, evidence-based therapeutic strategies for hepatic 
lipidosis are lacking for bearded dragons as no previous studies were found. On top of 
dietary change, a hypolipidemic drug may speed up recovery and reduce hepatic fat 
content by stimulating catabolism of stored hepatic triacylglycerols. Since 
triacylglycerols are the main form of lipid storage, and due to the link between 
hypertriglyceridemia and development of hepatic steatosis, fibrates such as gemfibrozil 

have been studied.11 Fibrates are peroxisome proliferator receptor- agonists that 
reduce triglyceride levels by increasing hepatic fatty acid oxidation.112,142,174 With lower 
concentrations of triacylglycerols available, there is a reduced production and export of 
VLDL from the liver. In a systematic review of different fibrates, gemfibrozil was proven 
to be the most efficacious at reducing hypertriglyceridemia, especially in people with 
high body mass indexes and high baseline triacylglycerol levels.174,211  

The use of fibrates has not previously been studied in reptiles to the author’s 
knowledge. However, numerable studies have been completed on avian species. Due 
to their physiological similarities in hepatic lipogenesis and folliculogeneosis and the fact 
that birds are phylogenetically closer to reptiles than mammals, extrapolation from these 
studies can be used as a starting point.154 However, reptiles are known to have a slower 
metabolism compared to birds and so longer treatment trials may be required and 
different pharmacology is anticipated.246  
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1.9.2 Treatment in birds  

Recommendations in companion birds include reducing dietary fat and 
increasing dietary protein, nutritional support for anorexic patients to reverse the 
catabolic state, weight loss, exercise, and vitamins E and B complex as an antioxidant 
and to promote metabolism of carbohydrates, respectively.82,169,196,208 

Gemfibrozil has recently been studied in avian species, demonstrating significant 
effects on triacylglycerol concentrations.46,95 In Bobwhite quails (Colinus virginianus), 
gemfibrozil was found to increase proportions of unsaturated fatty acid by decreasing 
palmitate and stearate fatty acids and increasing oleate and linoleate fatty acids.46 In 
addition, it resulted in increased circulating plasma phospholipids and decreased the 
average lipoprotein density indicating that the molecules were carrying less 
triglyceride.46,277 

A study in broiler chicks measuring changes in triacylglycerol concentrations with 
gemfibrozil and L-carnitine indicated that the greatest decrease in triacylglycerol 
concentration was with the highest dose of gemfibrozil (2mg/kg) in combination with L-
carnitine.95 However, a significant difference between the 3 different L-carnitine groups 
was not noted and its role in triglyceride reduction is unclear. A study from 1999 in 
laying hens did not find oral gemfibrozil treatment to have statistically significant results 
in the reduction of plasma triacylglycerol concentrations.240 However, the results were 
highly variable, precluding the ability to find a statistically significant difference. 

1.9.3 Treatment in humans  

To date there is no proven medical therapy for hepatic lipidosis in humans. 
Studies indicate that a reduced caloric diet and exercise of moderate intensity is 
required to maintain weight loss which reduces hepatic steatosis.61 Weight loss of 7-
10% body weight is required to improve NASH histologically, including fibrosis.61 In 
addition to weight loss, pioglitazone has been shown to improve histological changes in 
patients with NASH regardless of their diabetic status.61 Vitamin E has also been 
evaluated and has been shown to improve histological changes of the liver in non-
diabetic patients and in patients without cirrhosis.61,111 L-carnitine plays an important 

role in -oxidation of lipids in the mitochondria.327 Systematic reviews and meta-analysis 
on randomized controlled clinical trials concluded that L- carnitine supplementation 
improved ALT, AST, and gamma-glutamyl transferase (GGT) levels when given at high 
doses (>2000mg/day) for long durations (>12 weeks) in people with increased weight 
and unhealthy subjects. L-carnitine supplementation also reduced lipid in the liver and 
reduced insulin resistance.15,274,327 Although many meta-analyses of silymarin fail to 
show efficacy in liver disease, a meta-analysis on treatment of NAFLD indicated it was 
effective in decreasing AST and ALT levels.360 

The presence and quantity of the protein apolipoprotein B-100 has been studied 
in hepatic steatosis in humans as it is involved in transport of cholesterol and 
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triglycerides in the form of VLDLs from the liver to peripheral tissues.63 The assumption 
is that reduced synthesis of apolipoprotein B-100 results in fat accumulation within the 
hepatocytes secondary to decreased export of VLDLs.63 This apolipoprotein has been 
isolated from reptiles but its function has not completely been characterized.277  

1.9.4 Treatment in mammals  

The hallmark of feline hepatic lipidosis is reversing the negative energy balance 
through early high protein, moderate lipids, and low carbohydrate nutritional 
supplementation.58,334 Animals are offered their resting energy requirement by slow 
increments through feeding tubes for enteral nutrition.334 L-carnitine has sufficient 
evidence of efficacy and increased probability of survival through increased metabolism 

of fat by free fatty acid -oxidation and decreased hepatic triglyceride 
accumulation.30,58,59,162 

In guinea pigs, aggressive supportive and nutritional care are required if they do 
not eat for more than 12 hours.148 Fluid therapy without glucose is indicated as glucose 
alters the liver’s recovery by increasing glycogen storage.297 In guinea pigs with hepatic 
lipidosis induced with cholesterol rich diets, pectin, guar gum, and psyllium have 
reduced hepatic cholesterol levels with varying mechanisms.99  

In attempts to prevent hepatic lipidosis in dairy cows, a higher energy and protein 
concentrate is recommended in the last 3 to 4 weeks prepartum to account for the 
increased energy requirements and drop in dry matter intake before calving.129 In 
addition, attempts to avoid environmental stressors and a clean environment during this 
period is recommended.33,129 High risk cows such as those that are obese, those that do 
not eat well, or have calving difficulties may have additional interventions including 
glucagon and glucocorticoids to increase gluconeogenesis, slow releasing insulin to 
prevent triacylglycerol accumulation in the liver, and monensin that changes volatile 
fatty acid production in the rumen to increase propionate for 
gluconeogenesis.90,115,150,245 Immediate and aggressive treatment for hepatic lipidosis is 
recommended.33 Treatment of mild to moderate hepatic lipidosis is attempted in dairy 
cows with increased feed intake, high quality legume or grass hay, and moderate 
exercise for 1 hour a day.321 In addition, prednisolone and glucagon have been reported 
to decrease levels of hepatic triacylglycerol levels but studies are lacking.32,114 

1.10  Study objectives  

Improving diagnostic ability with better plasma biomarkers, along with correlating 
histologic disease stages with imaging findings, will undoubtedly lead to improved and 
earlier diagnosis of this debilitating condition. Likewise, documenting the effect of fibrate 
treatment on the disease stage, plasma biomarkers, and lipidome will allow for new and 
more targeted treatment recommendations.  

The objectives of this research include:  
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1) Development of a histological grading system for scoring the degree of hepatic 
lipidosis in bearded dragons;  

2) Determining the prevalence and basic epidemiological risk factors for hepatic 
lipidosis in pet bearded dragons submitted for necropsy;  

3) Surveying bearded dragon owners in the United States and Canada in order to 
learn more about their feeding practices and supplement use; 

4) Examining the plasma metabolome of clinically healthy bearded dragons and 
assessing plasma metabolomic signatures of hepatic lipidosis in bearded 
dragons;  

5) Examining biochemical and imaging diagnostic modalities between clinically 
healthy bearded dragons and those with spontaneous hepatic lipidosis;  

6) Performing a pharmacodynamic study for the effects of gemfibrozil in bearded 
dragons with spontaneous hepatic lipidosis.  
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2 A histopathological grading system and severity 
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2.1 Abstract 

Hepatic lipidosis is prevalent in pet bearded dragons (Pogona vitticeps) and 
despite its impact, there is no published microscopic grading system. The purpose of 
this study was to develop a microscopic histological system to score the severity of 
hepatic lipidosis in this species.  

Histologic hepatic sections were retrospectively evaluated from 252 bearded 
dragons submitted for necropsy at two different institutions. Qualitative pathological 
assessment was used to develop a grading system with 2 qualitative and 7 semi-
quantitative microscopic parameters, which were refined based on reproducibility and 
correlation of parameters with fat content.   

The final grading system included 2 semi-quantitative and 1 quantitative category: 
percent of cytoplasm occupied by lipid vacuoles in hepatocytes, fibrosis, and disruption 
of hepatic cords. Hepatic cord disruption was indirectly quantified by counting the 
number of nuclei per unit area. There was a strong positive correlation between the 
number of vesicles in hepatocytes or nuclear count and the percentage of fat in 
hepatocytes, as assessed by digital image analysis. Each category was given a 
numerical value ranging from 1 to 4, with the sum of these categories representing the 
final score. Cut-off values defined severity tiers into mild (final score 1-4), moderate (5-

7), and severe (8). There was strong inter-rater agreement for assessment of 
vacuolization, fibrosis, and the final severity tier, but moderate agreement for the 
disruption of hepatic cords parameter.  

This proposed grading system will document the severity of hepatic lipidosis in 
bearded dragons and will serve to benchmark the prevalence of the disease and inform 
future research.  
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2.2 Introduction  

Hepatic lipidosis, also known as fatty liver disease, or steatosis, is a condition 
affecting several reptilian species. This disease is thought to be particularly common in 
bearded dragons (Pogona vitticeps), one of the most popular pet reptiles worldwide.294 
The basis of this condition involves excess lipid accumulation, mainly triacylglycerols, 
within the hepatocytes resulting in impaired cellular function ultimately leading to 
dyslipidemia, liver failure, and death.37,81,91,92,303 Liver histopathology remains the gold 
standard for diagnosis of this disease, as other diagnostic modalities have yet to be 
validated or proven.309   

Grossly, the affected liver may appear tan/yellow to white, swollen with rounded 
margins, and friable with a greasy consistency; samples of lipidotic liver can also float in 
formalin.37,78,91 Routine processing of these tissues for development of hematoxylin and 
eosin (HE) slides uses solvents that wash out lipids leaving optically empty 
vacuolations.325 These empty vacuoles, with a sharp cytoplasmic rim, are the basis for 
microscopic assessment of hepatic fat amount.325 In reptiles, micro or macro lipid 
vesicles can be present, which displace the hepatocyte nucleus and cause hepatocyte 
enlargement.81,272 However, typical macrovesicular lipidosis, as described in people242 
is not reported in reptiles.81 It should be noted that all hepatic vacuoles visualized on 
microscopic examination are not necessarily lipid as some may contain water, glycogen, 
and nonlipid material.78 Some visual features, such as presence of vacuolar pigment 
and poorly defined margins (glycogen), can help distinguish the nature of the vacuoles. 
Special stains, such as Periodic acid-Schiff (PAS) before and after diastase treatment, 
can be used to confirm glycogen accumulation.122 Additional lesions that are reported to 
be associated with hepatic lipidosis include inflammation and fibrosis, however the 
progression to cirrhosis is uncommon.37,91,138,309 Hepatic fibrosis has been reported in 
reptilian species secondary to chronic injury, infection, and neoplasia but its correlation 
with hepatic lipidosis has not been investigated.83,120,182,185 

Current recommendations in reptiles warrant a microscopic diagnosis of hepatic 
lipidosis when the cytoplasm is vacuolated with lipid in more than 20% of the 
parenchyma.81,268 It has been proposed from subjective observation that the disease be 
considered ‘moderate’ when at least 80% of the parenchyma is affected, and ‘marked’ 
when 100% of the parenchyma is affected.81,268 However, to date, there is no 
consensus for a grading system for the severity of hepatic lipidosis in reptiles. In 
addition, guidelines on interpretation of acceptable hepatic fat content in regards to 
species, season, and sex is poorly defined.221 In bearded dragons specifically, a certain 
degree of hepatic vacuolation may be physiological and it is unclear what amount is 
considered pathological.81,295 Historical reports suggest that the reptile liver should only 
carry approximately 5% of total body lipids.17,39  

Due to the perceived high frequency of hepatic lipidosis in captive bearded 
dragons, and the limited number of validated diagnostic modalities, it was important to 
develop a microscopic grading system to assess the severity of this condition. 



 

 

22 

 

Ultimately, this grading system can improve the ability to diagnose the disease, inform 
patient management strategies, and evaluate treatment success. Additionally, an 
accurate grading system would be invaluable for future studies aimed at better 
understanding the pathogenesis of this disease, or to test novel treatment options. The 
purpose of this study was to develop a repeatable microscopic grading system for 
scoring the severity of hepatic lipidosis and associated lesions in a cohort of 252 
bearded dragons submitted for necropsy at two North American institutions. 

 

2.3 Material and methods 

2.3.1 Case retrieval  

For this study, necropsy cases of bearded dragons submitted between 1998 to 
2018 at the Animal Health Laboratory (AHL; University of Guelph, ON, CA) and the 
Zoo/Exotic Pathology Service (ZEPS; Sacramento, CA, USA) were retrieved. Inclusion 
criteria required that each case had a diagnosis of hepatic lipidosis on the final 
pathology report, and availability of histology slides with liver sections for review. Cases 
with systemic and/or other primary hepatic pathologies were not excluded, as hepatic 
lipidosis is often concurrent with other diseases. A total of 197 cases (113 females, 70 
males, 14 unknown) met the inclusion criteria and were used to optimize and partially 
validate the grading system. An additional small set of cases (n=55) with slides 
available for review, and without a diagnosis of hepatic lipidosis, were collected from the 
AHL to be used as an outgroup for development of the grading system. 

2.3.2 Grading system development  

Initially, a subset of HE stained liver sections from 50 cases were evaluated by 
two members of the research team (LS and TB) in a non-blinded approach at a multi-
headed microscope. Cases were selected to represent a wide array of severity 
associated with lipidosis, as assessed by the original case pathologist. This initial 
screening was carried out to identify those morphological characteristics that showed 
variation between mild and more severe lesions, and therefore would prove useful for 
developing a grading system for hepatic lipidosis.  

The initial grading system included 2 qualitative and 7 semi-quantitative categories, 
as detailed below: 

1. Percent of cytoplasm occupied by lipid vacuoles in hepatocytes. This change was 
scored 0-4 based on the percent of fat vesicles present in the hepatocytes compared 
to the percent of cytoplasm present (0 was 0-5%, 1 was >5-25%, 2 was >25-50%, 3 
was >50-75%, 4 was >75%). Estimated using 400x magnification.   
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1.1. Subgross distribution of lipid vacuolation. For cases with a score other than 0 
in the assessment of lipid vacuolation, the distribution of fat was further 
characterized as focal, multifocal or diffuse, based on the available liver 
sections.   
 

1.2. Lobular distribution of lipid vacuolation. For cases with a score other than 0 in 
the assessment of lipid vacuolation, the lobular distribution of fat was further 
characterized as centrilobular, mid-zonal, peri-portal, pan-lobular, or random.  
 

2. Disruption of hepatic cords. This parameter was included to assess the degree of 
damage caused by cytoplasmic lipid accumulation, and was initially implemented to 
capture hepatocellular swelling, compression of sinusoids, and loss of normal 
hepatocellular architecture. As these features were difficult to objectively identify, the 
grading parameter was changed to number of hepatocellular nuclei per area unit, as 
more severe degrees of cytoplasmic swelling were associated with fewer nuclei on 
section.  
 

The average number of nuclei in 10 high power fields were counted using a 40x 
objective (400x magnification) on a microscope (Leitz Laborlux K) equipped with an 
INFINITY2 camera (Lumenera 1.4 megapixel Infinity 2-1) and Infinity analyze 
software (Lumenera v 6.5.6). Midzonal areas were chosen for evaluation, while 
avoiding portal and centrilobular spaces. Those nuclei that were within sinusoids 
(e.g. endothelial cells, red blood cells), associated with pigmented cells 
(melanomacrophages), or cut by the field of view (FOV) were not counted.  
 

Counting was done manually using screen-projected images for each field (multi-
point tool in ImageJ version 1.53a). The microscope was calibrated with a stage 
ruler (AmScope MRo95), and the resulting FOV of the camera was determined to be 
approximately 0.02mm2. The final output for this parameter was average number of 
nuclei in 10, 0.02mm2 FOVs. Cut-offs for the average number of nuclei were 

established as follows: 0 (no disruption of hepatic cords), average 30 nuclei; 2 

(moderate), average = 29-16 nuclei; and 4 (severe), average 15 nuclei. Disruption 
of hepatic cords was scored in increments of 2 units to increase the weight of this 
category in the overall grade, as it appeared to be the most obvious marker of 
cellular damage caused by lipid accumulation and is known to have significant 
impact on cell function and health.193,242 
 

3. Fibrosis. This change was scored 0-4, based on the amount of fibrosis in the section 
area: 0 was <10%, 1 was >10-25%, 2 was >25-50%, 3 was >50-75%, 4 was >75%, 
with no further modifier for lobular distribution.  
 

4. Inflammation associated with fat. This change was scored 0-3, based on 
inflammation directly associated with extracellular release of fat, as seen in relation 
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with lipogranulomas, large fatty cysts or around cholesterol clefts: 0 was 0-5%, 1 
was >5-25%, 2 was >25-50%, 3 was >50%.  
 

5. Inflammatory cells associated with fibrosis and portal tracts. This change was scored 
0-4, based on inflammation associated with fibrosis in the section area: 0 was <5%, 
1 was 5-10%, 2 was >10-25%, 3 was >25-50%, 4 was >50%.  
 

6. Presence of melanomacrophages. This was scored 0-4 based on average percent of 
melanomacrophages occupying the histological section evaluated based on section 
area: 0 was <15%, 1 was 15-25%, 2 was >25-50%, 3 was >50-75%, 4 was >75%. 
 

7. Presence of necrosis (coagulative or single cell). This change was scored 0-4, 
based on amount of hepatocyte necrosis or apoptosis, which was not secondary to 
other apparent causes; based on section area: 0 was 0%, 1 was 1-5%, 2 was >5-
25%, 3 was >25-50%, 4 was >50%.  

Initial assessment of these features showed that only 2 semi-quantitative and 1 
quantitative category could be retained in the grading system (see Results section), 
namely: percent of cytoplasm occupied by lipid vacuoles in hepatocytes, fibrosis, and 
hepatic cord disruption. For each case, the final score was calculated as the sum of 
these 3 parameters. Further assessments and validations, as described below, refer to 
this finalized version of the grading system.  

2.3.3 Cut-off development for severity classification  

Following grading, cut offs for severity classification of non-lipidotic, mild, 
moderate, and severe were subjectively created by dividing the continuum of lesions 
into equal increments (mild, 0-4; moderate, 5-7; severe 8-12). This was done to provide 
a simpler reporting system.  

2.3.4 Evaluation of interobserver agreement  

Unblinded access to the pathology report associated with the evaluated cases 
was available during development of the grading criteria. Following a 3 month wash out 
period and blinding to the pathology reports, all slides were manually randomized by 
covering the label, mixing them, and taking them at random, and re-graded by TB with 
the grading system within 1 week to avoid diagnostic drift.131 Subsequently, a subset of 
34 slides, randomly selected using a random number generator, blocked for each 
severity classification of non-lipidotic, mild, moderate, and severe, were re-graded within 
3 days by LS after an 8 month washout period and blinding. In order to standardize the 
area of nuclei counts for the disruption of hepatic cords category, the FOV from the 
digital images of LS was converted to 0.02mm2 for comparison between observers.231 
Inter-observer correlation was subsequently calculated using Cohen’s Kappa statistics 
with quadratic weights for the different categories, final score, and severity 
classification. A kappa value of 0.80-0.90 was considered to have a strong level of 
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agreement, a value of 0.60-0.79 to have a moderate level of agreement, and a value of 
less than 0.40 to have a weak level of agreement.229  

2.3.5 Correlation between histological parameters and amount of fat  

The same subset of 34 slides was used for digital image analysis of fat content in 
hepatocytes (ImageJ). Images of 3 areas from liver sections were captured at 400x, 
making sure to avoid areas of fibrosis and centrilobular veins, with the same microscope 
and imaging system reported above. A total of 102 images were captured. Using 
ImageJ284 software version 1.53a, the background was subtracted and white balanced, 
then images were converted to grayscale, prior to binarizing with the same threshold for 
all images. Subsequently, the percentage of white area was measured to determine 
percent of fat in hepatocytes (Figure 2.1). 

 

 

Figure 2.1 The photomicrograph shows lipid vesicles and cell ballooning of a liver section from a bearded 
dragon (Pogona vitticeps) and the process of digital image analysis for fat percentage in the hepatocytes. 
Using ImageJ software, the background was subtracted and white balanced (top right), then images were 
converted to grayscale (bottom left), prior to binarizing with the same threshold for all images (bottom 
right). The percentage area covered by white was measured as an estimation of the fat content in liver 
sections. (Hematoxylin-eosin staining, 400x) 
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A Spearman’s correlation coefficient was used to determine the relationship 
between the quantitative percent of fat, as assessed by ImageJ, and the semi-
quantitative categories of “percent of cytoplasm occupied by lipid vacuoles in 
hepatocytes” and “fibrosis”, the quantitative category of “disruption of hepatic cords”, 
and the final score.  

 

2.4 Results  

2.4.1 Descriptive pathology  

Most sections had a pan-lobular and diffuse vacuolation distribution except for 
1/252 (0.4%) cases, which had centrilobular distribution, and 5/252 (2%) cases that had 
multifocal distribution. The ratio of lipid vacuoles to cytoplasm within the hepatocytes 
indicated the amount of lipid accumulation in the cell irrespective of microanatomical 
changes. Cases that were considered non-lipidotic (34/252, 13.5%) had less than 5% of 
cytoplasm occupied by lipid vacuoles in hepatocytes. The remainder of cases had some 
degree of lipid accumulation with lipid vacuoles taking up >75% of the cytoplasm (grade 
4) being the most common (102/252, 40.5%) in this cohort. Evaluation of the slides 
showed a continuum between a single or few large vacuoles taking up and expanding 
the cytoplasm, and cases in which multiple medium-to-small vacuoles filled and 
expanded the cytoplasm. Therefore, the size of vacuole was not considered to be 
significant to the grading system. Representative pictures of hepatocellular vacuolation, 
for all degrees of severity, are presented in Figures 2.2-2.5.   

With increased amounts of fat, hepatocytes showed moderate to severe 
disruption of hepatic cords, compression of sinusoids, and disruption of hepatic 
architecture, with apparent loss of cellular boundaries and distinction between 
contiguous hepatic cords. As the disruption of hepatic cords increased, hepatocellular 
nuclei became less visible on the plane of section, likely due to displacement or 
compression by fat. One-hundred and fifty-four cases (154/252, 61%) had moderate to 
severe disruption of hepatic cords. Representative pictures are presented in Figures 
2.6-2.8.  

Seventy-five cases (75/252, 30%) presented with hepatic fibrosis. Fibrosis was 
mainly portal, and in the most severe cases, it dissected through the entire lobule with 
wide bridging beams of collagen, or increased collagen deposition in the perisinusoidal 
space (capillarization). Fibrosis was often accompanied by biliary duct hyperplasia 
(Figs. 2.9, 2.10). Fibrosis was not associated with severe inflammation or necrosis, 
suggesting that the fibrous tissue was primarily associated with the lipidosis. 
Regenerative nodules were not observed in association with even the most severe 
instances of fibrosis.  
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Figure 2.2-2.10 Microscopic images representative of the morphological categories used to grade the 
severity of hepatic lipidosis in bearded dragons (Pogona vitticeps). See text for additional description for 
each category. Figure 2.2-2.5 The category “percentage of vesicles in hepatocytes” was divided into 4 
tiers, based on increasing amounts of vacuolation in the cytoplasm of hepatocytes. Grades 0, 2, 3, 4 
correspond respectively to Figs. 2.2, 2.3, 2.4, 2.5 (note, grade 1 was not included in the figure). For all 
figures, Hematoxylin-eosin (HE) staining and, 400X magnification was used. Figure 2.6-2.8 The category 
“disruption of hepatic cords” was divided into 3 tiers, based on swelling of hepatocytes, compression of 
sinusoids, and loss of obvious laminae of hepatocytes. Grades 0, 2, 4 correspond respectively to Figs. 
2.6, 2.7, 2.8 (note, this category had increments of 2). For all figures, HE, 400X. Figure 2.9 Severe 
fibrosis showing beams of collagen associated with proliferating bile ductules dissecting the hepatic 
lobules, corralling small islands of severely lipidotic hepatocytes. HE, 100X. Figure 2.10 Severe hepatic 
lipidosis, bands of fibrous tissue and bile ductules dissect through the hepatic cords and isolate small 
clusters of hepatocytes. There is no evidence of inflammation associated with the fibrous tissue. HE, 
400X. 

 

Overall inflammation associated with lipidosis was rare as there were only 4/252 
(1.6%) cases with a grade 1 inflammation associated with the extracellular release of 
fat, and only 4/252 (1.6%) cases with a grade 2 of inflammation associated with fibrosis. 
Inflammation associated with fat was predominantly heterophilic, with occasional 
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lipogranulomas present in more lipidotic sections. Inflammation associated with fibrosis 
was characterized by a predominate accumulation of scattered mononuclear cells within 
strands of fibrous tissue. Both inflammation categories were removed from the grading 
system, due to the low frequency and mild severity. 

Melanomacrophages were present as scattered clusters of cells within sinusoids 
and portal spaces, and in most cases (186/252, 73.8%) this category was scored as 0. 
There was no clear variation in the number of melanomacrophages, especially in 
association with the amount of fat, and so this category was removed from the final 
score. Single-cell necrosis was not a common feature of the evaluated slides (5/252, 
2.0%) and when present was not associated with lipidosis as the small amounts of 
necrosis noted did not increase with progressive vacuolization and hepatic cord 
disruption. Therefore, this category was removed from the final score.  

Based on the qualitative assessment of these histological parameters, only the 
following were carried forward in the final grading system: percent of cytoplasm 
occupied by lipid vacuoles in hepatocytes, disruption of hepatic cords, and fibrosis 
(Table 2.1). Additionally, since the majority of the lipidosis was pan-lobular and diffuse, 
distribution parameters were not included as part of the grading system.  
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Table 2.1 Histological grading system for hepatic lipidosis in bearded dragons (Pogona vitticeps) 

Categories Description Grade Comments 

Distribution of 
vacuolation 

N/A N/A Centrilobular, mid-zonal, pan-
lobular, or random 

Pattern of 
vacuolation 

N/A N/A Multifocal or diffuse 

Percent of 
cytoplasm 
occupied by 
lipid vacuoles in 
hepatocytes 

0-5% is 0, 1 is >5-
25%, 2 is >25-50%, 
3 is >50-75%, 4 is 
>75% 

0-4 Based on the percent of fat vesicles 
(both macro and micro) present in 
the hepatocytes compared to the 
percent of cytoplasm in the 
evaluated liver section 

Disruption of 
hepatic cords 

 

30 nuclei is 0, 29-

16 nuclei is 2, 15 is 
4 

0,2,4 The average number of nuclei in 10 
fields of views were calculated to 
determine if hepatocellular swelling 
and compression of sinusoids was 
present distorting the view of the 
nuclei  

Fibrosis <10% is 0, 1 is 10-
25%, 2 is >25-50%, 
3 is >50-75%, 4 is 
>75% 

0-4 Based on the amount of fibrosis, 
rather than the specific histological 
type or pattern 

Abbreviations: N/A, not applicable   

 

2.4.2 Correlation between histological parameters and amount of fat  

Digital analysis for fat percent in liver sections in a subset of cases was completed 
(Figure 2.11). A Spearman’s correlation analysis determined the relationship between 
the percent area of vacuolation measured by ImageJ and the “percent of cytoplasm 
occupied by lipid vacuoles in hepatocytes”, “disruption of hepatic cords”, and “fibrosis” 
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estimated through the grading system, as well as the final score. In comparison to 
ImageJ analysis, there was a strong positive correlation (rho=0.878, p<0.001) with the 
“percent of cytoplasm occupied by lipid vacuoles in hepatocytes;” a strong negative 
correlation (rho=-0.894, p<0.001) with the “disruption of hepatic cords” which indicated 
that as the percent of vacuolation increased, the number of visible nuclei decreased; a 
moderate correlation (rho=0.55, p<0.001) with “fibrosis;” and a strong correlation 
(rho=0.88, p<0.001) with the final score.  

 

 

Figure 2.11 Bar graph of mean ± sem of percentage fat area in hepatocytes over hepatic lipidosis final 
score (grade) and severity classification in bearded dragon (Pogona vitticeps) liver sections from digital 
analysis in a subset of cases (n=34). An increasing slope of fat percentage is demonstrated as the final 
score increases and plateaus in the severe group. There is a strong Spearman’s correlation (rho=0.88, 
p<0.001) between percent fat and final score. Each bar represents the average fat percent for the cases 
evaluated in that final score. The colors of the bars represent the different severity classifications of non-
lipidotic (red), mild (green), moderate (teal), and severe (purple). The single lines represent error bars 
(sem). 

2.4.3 Finalized grading system and establishment of severity cut-offs 

Cut-offs for mild, moderate, and severe histological changes (i.e. severity 
classification) was based on an incremental increase of the final score. Figure 2.12 
shows the distribution of the score of each of the 3 histological parameters, based on 
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severity classification.  Overall, as the severity classification increases, there was a 
progressive increase in vacuolization, disruption of hepatic cords, and fibrosis.  

 

 

Figure 2.12 Box plots showing the distribution of the scores of the histological parameters percent of 
cytoplasm occupied by lipid vacuoles in hepatocytes (left), disruption of hepatic cords (middle), and 
fibrosis (right), based on severity classification derived from the grading system of hepatic lipidosis in 
bearded dragons (Pogona vitticeps). Overall, as the severity classification increases, there was a 
progressive increase in vacuolization, disruption of hepatic cords, and fibrosis. 

 

Mild, moderate, and severe lipidosis was classified based on a final score of 1-4, 

5-7, and 8, respectively. The mild class indicated the presence of lipid in the 
hepatocyte without structural damage. In this class (n=63), lipid vesicles took >5%-75% 
of the hepatocyte cytoplasm without disruption of hepatic cords. Outliers included 3/63 
(4.8%) cases having >75% lipid vesicles in hepatocytes and 5/62 (7.9%) cases with mild 
fibrosis of the sections. No other lesions were observed.  

The moderate class indicated lipidosis associated with structural damage. The 
majority of cases in this group (n= 73) had lipid vesicles taking up at least 50% of the 
cytoplasm in the hepatocytes, and only 1/73 (1.4%) case taking up less. Moderate 
disruption of hepatic cords was present for all but 6/73 (8.2%) of cases, and fibrosis, 
when present, took up to 25% of the section, with 3/73 (4.1%) cases taking up >25% of 
the section.  

Finally, the severe class had a greater degree of hepatic cord disruption and 
fibrosis. A total score of 8 was chosen as the lowest score of the severe class, since the 
maximum amount of vacuolization and disruption of hepatic cords would result in a 
grade of 8, indicating this would be the most severely affected hepatocyte without 
fibrosis. The severe category included cases in which lipid vesicles occupied >75% of 
the hepatocellular cytoplasm, had severe disruption of hepatic cords and showed a 
variable amount but the most severe (0-50% of the section) fibrosis. Outliers included 
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10/83 (12%) of cases that had a lower percentage (>25-50%) of lipid vesicles in the 
hepatocytes, 5/83 (6%) cases that had moderate disruption of hepatic cords, and 11/83 
(13.2%) of cases which had >50% fibrosis. 

Digital image analysis was used to further describe the amount of fat present 
quantitatively in the proposed grading system. Digital analysis for the subset of cases 
(Figure 2.11) demonstrated an increasing slope of fat percentage as the final score 
increased and plateaued in the severe group. Sections with no obvious vesicles, given a 
final score of 0, had an average of 6% of fat present. Sections classified as mild 
lipidosis had an average of 9% to 34% of fat present. Sections classified as moderate 
had an average of 31% to 45% of fat present. Finally, sections classified as severe had 
an average of 52% to 61% of fat present. Cases given a final score of 8 and above had 
at least 50% fat present in the slide.  

2.4.4 Evaluation of interobserver agreement  

Analysis of inter-rater agreement on features of the histological categories showed 
strong agreement for the grading categories of percent vesicles in hepatocytes (kappa 
value of 0.92, p<0.001) and fibrosis (kappa value of 0.89, p<0.001) with weighted kappa 
values. There was moderate agreement for disruption of hepatic cords (kappa value of 
0.73, p<0.001). The inter-rater agreement on the final score was moderate (kappa value 
of 0.66, p<0.001) while the inter-rater agreement for severity classification was strong 
(kappa value 0.88, p<0.001).  

 

2.5 Discussion  

A grading system for diffuse and pan-lobular hepatic lipidosis in the bearded 
dragon was established with 2 semi-quantitative and 1 quantitative microscopic 
parameter including percent of cytoplasm occupied by lipid vacuoles in hepatocytes, 
fibrosis, and disruption of hepatic cords (cell ballooning). Each category was given a 
numerical score ranging from 1 to 4, depending on the severity, with hepatic 
microanatomy (cell ballooning) being weighted. The sum of these grades was used to 
determine severity classification of disease with 1-4 classified as mild, 5-7 as moderate, 

and 8 as severe. Digital image analysis was used to further characterize the grading 
system using an objective and highly repeatable measure, which could be further used 
in research for instance. The image analysis illustrated a strong relationship between 
the percentage of fat and the histopathological grading of hepatocyte vacuolization and 
changes in hepatic microanatomy (visibility of nuclei), as well as the final score for 
severity classification. It is noteworthy that a plateau in fat composition was reached in 
the severe cases and the further progression of grades was mainly attributed to fibrosis. 

Currently, liver biopsies and histopathology remain the gold standard for the 
diagnosis of hepatic lipidosis in veterinary medicine.81,282,309,348 Although the most 
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common features of hepatic lipidosis are descriptively reported in pathology reports, 
there is no concise grading system for this disease in reptiles, and specifically in 
bearded dragons. Nine initial categories were evaluated based on the known 
morphology of hepatic lipidosis in bearded dragons, as assessed in the diagnostic 
experience of the research team.184 During the development of the grading system, the 
characteristic morphological features of hepatic lipidosis in bearded dragons were 
determined to be hepatocyte vacuolization and changes in hepatic microanatomy 
(disruption of hepatic cords) with fibrosis in severe cases. The categories of 
inflammation associated with fat and fibrosis, percent melanomacrophages, and 
necrosis were removed from the grading as they were not common features of hepatic 
lipidosis in bearded dragons. Inflammation is an important feature of hepatic lipidosis in 
other species. It has been linked to the progression of fibrosis in people and reticulolysis 
in chickens resulting in hepatic fracture.13,43,306 However, in other species such as cats, 
guinea pigs, and cows, inflammation does not seem to play a large role.56,75,128 In 
addition, melanomacrophages can increase due to other inflammatory or metabolic 
conditions and the increase did not correlate with the severity of lipidosis in this cohort 
of bearded dragons. 

Grading and severity classification of hepatic lipidosis in bearded dragons based 
on criteria in other animals should be avoided since the characteristic and prevalence of 
the lesions are different. For example, since lipid vacuoles affect the parenchyma 
diffusely in bearded dragons, almost all cases would be considered to have significant 
lipidosis if human guidelines were applied.242 

To reduce sampling error in people with hepatic lipidosis, a 2-3cm 16 gauge 
needle used to collect 2 core biopsies at least 15mm in length with 10 portal tracts for 
review by a single pathologist is recommended.340 Biopsy cases were excluded from 
evaluation for the development of the grading system due to variation in sample size, 
reduced number of portal tracts, the possibility of sampling error, and to avoid grading 
non-diffuse processes. However, since a majority of sections contained pan-lobular and 
diffuse vacuolization of the hepatocytes, this grading system can be implemented for 
non-targeted hepatic biopsies as they are likely representative of the disease process. 
Ideally, additional diagnostics such as imaging or endoscopic evaluation of the liver is 
pursued before biopsy collection to confirm a diffuse process.  

The percent vacuoles measured in the hepatocytes through the grading system 
were a subjective measure of the presumed fat (white) to cytoplasm (pink) ratio. Due to 
the continuum between large and small vacuoles, a distinction between microvesicles 
and macrovesicles was not made. A mixture of both microvesicles and macrovesicles 
has also been reported in other animals including chickens, guinea pigs, and 
cows.56,75,305 However in people, macrovesicular steatosis is a morphologic feature of 
hepatic steatosis in non-alcoholic fatty liver disease (NAFLD).242 Borders of the 
vacuoles appeared less crisp when glycogen vacuoles were present but PAS stain was 
not available to confirm. Sections with possible glycogen vacuoles were not excluded 
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from the grading and could have added error to the grading, though for a minority of 
cases. 

The cut-offs for “disruption of hepatic chords” were subjectively created based on 
the number of visible nuclei in the section, with the numbers reducing as the cells 
became progressively lipidotic and ballooned. A strong negative correlation between the 
percent of fat through image analysis and “disruption of hepatic cords” indicated that as 
the amount of lipid accumulated in the hepatocyte, the cells progressively became 
ballooned, and the visibility of the nuclei decreased. This process has previously been 
described in reptiles with hepatic lipidosis.81 To the authors knowledge, there are no 
published guidelines on ballooned cells for bearded dragons. The bearded dragon 
hepatocyte likely has some capacity to swell due to the physiology of its storage, use, 
and lipogenesis of lipids.277 It is also possible that lipid accumulation within a hepatocyte 
may be physiologically appropriate to the point of ballooning, which would be 
considered pathological. Cell ballooning is a key difference between steatosis and 
steatohepatitis in humans and is defined by hepatocytes being 1.5 to 2 times larger than 
an normal hepatocyte (>30um).193,242 If a change in grading was proposed, which 
considered all vacuolated hepatocytes with distinct cell borders and lack of ballooning to 
be a variation of normal, all mild cases would no longer be a part of hepatic lipidosis. 
Assessment of wild bearded dragon liver samples during various physiological states 
would be helpful to determine the acceptable amount of hepatic fat. Attempts were 
made by the authors to acquire liver histology slides from wild bearded dragons through 
the Australian Society for Veterinary Pathology but samples for this specific species 
(Pogona vitticeps) were not available. 

Fibrosis is considered to occur secondary to a disease process and so is generally 
included in the staging of disease. It was included in the grading of hepatic lipidosis in 
bearded dragons as currently there is no distinction between grade and stage of 
disease and all reports of reversibility are anecdotal.37,79,81,184,242,309,312 The 
pathophysiology of fibrosis in people with steatohepatitis involves inflammation playing 
a role in activation of myofibroblasts leading to deposition of collagen and 
fibronectin.13,21,43 However, in cats, inflammation is not a common feature of hepatic 
lipidosis and a clear pathophysiology has not been determined though increased 
myofibroblast activity is still present.128,333 It is likely that bearded dragons also have 
increased myofibroblast activity though further investigation is required to determine the 
pathophysiology.  

Due to lack of clinical data (e.g. survival, clinical disease) to stratify our cases, the 
tiers for mild, moderate, and severe hepatic lipidosis were based on equal increments of 
the final score, to capture increasing amounts of cellular damage in each category. The 
mild classification generally indicated the presence of lipid in the hepatocyte without 
structural damage, indicating this level of lipid accumulation may be normal for this 
species or likely was not causing clinical disease. The 5 cases of mild fibrosis were 
likely not related to lipidosis. The moderate group contained a significant amount of fat 
vesicles in all sections and some degree of disruption of hepatic cords with minimal to 
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no fibrosis, possibly indicating reversible damage. These animals were likely displaying 
clinical signs of lethargy and anorexia. However, a prospective study is required to 
confirm this hypothesis. Lastly, the severe category encompassed cases that 
presumably had more clinical derangements with significant morphological damage to 
the hepatocytes and fibrosis. This category included the consequences of lipidosis, 
mainly fibrosis. These animals were likely clinical for their disease with a worse 
prognosis for recovery.  

It is expected that the different severity classifications are associated with different 
likelihood or severity of clinical signs. However, it would be difficult to correlate clinical 
signs with histopathological severity as the majority of chronic cases present with 
nonspecific or absent clinical signs.212 In addition, plasma levels of liver enzymes are 
generally within normal limits since the breakdown of hepatocytes (cell necrosis) does 
not seem to be a feature of this disease process in bearded dragons.37 Since hepatic 
lipidosis has non-specific clinical signs and often occurs concurrently with other disease 
processes in this species, the disease would have to be experimentally induced to 
better define the association between histopathology, clinical signs, clinicopathological 
changes, and lesion progression.  

Digital image analysis estimated the amount of fat present in representative 
histopathologic sections of the liver by objectively quantifying the percentage area of 
vacuolation. This approach was strongly correlated with the subjective grading category 
of percent vesicles in the hepatocytes as well as the hepatocyte microanatomy category 
(disruption of hepatic cords) suggesting that this part of the grading system was highly 
reliable and that a more intricate technique was not required. Sections with more than 
50% lipid were most likely going to be part of a severe lesion despite the other grading 
criteria. Due to the small sample size of image analysis, further evaluation is required. 
The plateauing of the percent fat in the severe class as the final score increased likely 
represented the hepatocytes reaching their maximum ballooning capacity. Digital 
analysis did not account for fibrosis and therefore the percent fat plateaus as the final 
scores continue to increase from fibrosis. This highlights the need for slide evaluation 
even with more objective histologic measures. There was a moderate correlation 
between the fat percent and fibrosis indicating that as the amount of fat increased, the 
liver sustained more damage leading to secondary fibrosis. Confounding factors that 
may have precluded a strong correlation include hepatic fibrosis secondary to chronic 
injury, infection, and neoplasia.83,120,182,185 Overall, the final score had a strong 
correlation with the percent fat on image analysis indicating that diagnostic tests aimed 
at quantifying hepatic lipid (such as diagnostic imaging) could be relatively accurate to 
estimate the lesion severity. However, diagnostic imaging alone may lead to an 
incomplete picture of the pathologic process in individual animals, especially the degree 
of fibrosis. A limitation of the digital analysis was that an additional step was required for 
the software to exclude the sinusoids and portal spaces which, if measured, could 
decrease the value artificially. 
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While determining the repeatability of this grading system, change in hepatic 
microanatomy (disruption of hepatic cords) was found to have a moderate interobserver 
agreement while the percent of cytoplasm occupied by lipid vacuoles in hepatocytes 
and fibrosis was found to have a strong agreement, in part validating the grading 
system. Large interobserver variability in the evaluation of hepatocyte ballooning has 
also been identified in the grading of NAFLD in people.184,357 To reduce this variability, 
immunohistochemistry markers for keratins (K8/18) are used; and the loss of these cell 
markers are consistent with hepatocyte ballooning.98,143 Investigation into and validation 
of immunohistochemistry markers for bearded dragon cell keratins can be considered to 
determine if features of cell ballooning are similar to NAFLD in people. It is likely that the 
variability may be increased in this study, due to a comparison between an experienced 
pathologist and clinical veterinarian.24 Further studies assessing interobserver variability 
between pathologists and with a larger sample size will be required as there was 
minimal agreement in the final score. However, there was strong agreement in the 
severity classification of the disease indicating this grading system may still be clinically 
relevant. Further studies should also be carried out to validate this grading system in 
clinical cases as well as in a prospective cohort of bearded dragons with experimentally 
induced disease to determine whether the histologic changes noted in this study were 
associated with the temporal development of the disease.  

Clinical validation could not be completed due to the retrospective nature of this 
study. Since archived material was used, the animal’s life history, clinical health, and 
antemortem diagnostic testing were unknown. In addition, samples were collected from 
two different laboratories over several years with possible differences in sample 
acquisition and handling so there could be differences between groups due to 
unmeasured variables.54 Lastly, due to the limited access to case information, it was not 
possible to determine if cases were from the same household or pet store which could 
have resulted in clustering of data and bias.54  

 

2.6 Conclusion  

The grading system proposed in this study was derived to provide a concise and 
repeatable methodology, which reports the most characteristic features of hepatic 
lipidosis in bearded dragons. The cumulative grade (final score) and severity 
classification reported can be useful for correlating to clinical severity as well as for 
monitoring of progression or improvement of disease. Based on the lesions of hepatic 
lipidosis, pathogenesis primarily involving direct lipid accumulation resulting in cellular 
ballooning and injury, resulting in impaired hepatocyte function and secondary fibrosis, 
can be considered.  

In conclusion, this retrospective study of 252 bearded dragon necropsy cases 
proposes a grading system for hepatic lipidosis to standardize the reported 
morphological features. The grading system is based on a progressive increase in the 
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percentage of vesicles in hepatocytes, changes in hepatocyte microanatomy (disruption 
of hepatic cords), and fibrosis. Additional studies are needed to further validate and 
refine this grading system as well as to correlate to clinical disease and prognosis. 
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3.1 Abstract  

Hepatic lipidosis is a common disease of captive bearded dragons (Pogona 
vitticeps). Diagnosis, prevention, and treatment of this condition is challenging, as there 
is minimal information in the literature. Our study determined the prevalence and 
epidemiological risk factors associated with hepatic lipidosis in bearded dragons 
submitted for necropsy in two North American institutions.  

A total of 571 post-mortem cases were retrieved, and from each pathology report 
the demographic data (age, sex) and the list of final diagnoses were extracted. For each 
case diagnosed with hepatic lipidosis, the archived sections of the liver were reviewed 
and the severity of hepatic lipidosis was stratified using a standardized histologic 
grading system. Descriptive statistics were used to estimate the prevalence of hepatic 
lipidosis. Associations between hepatic lipidosis and demographic data and concurrent 
diseases were explored using ordinal logistic regression analysis.  

The study cohort showed a high prevalence (219/571 cases, 38.3%, 95%CI: 34.4-
42.3%) of hepatic lipidosis. On multiple logistic models, the occurrence of infectious 
disease and neoplasia were associated with decreased hepatic lipidosis grade and 
severity, while the female sex and adult age were associated with increasing grade and 
severity. All other variables were not significantly associated with hepatic lipidosis. 
These results suggest that female and adult bearded dragons are predisposed to 
hepatic lipidosis, while those with an underlying disease process have a reduced 
prevalence of the disease, possibly due to increased fat catabolism. Data in this study 
can serve to benchmark the prevalence of hepatic lipidosis in bearded dragons and 
allow further investigations.  
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3.2 Introduction  

Hepatic lipidosis, also known as fatty liver disease, or steatosis, is a chronic 
debilitating condition affecting several reptilian species.78 This disease is thought to be 
particularly common in bearded dragons (Pogona vitticeps), one of the most popular pet 
reptiles worldwide.294  

The basis of this condition involves progressive accumulation of triacylglycerols 
within hepatocytes resulting in impaired hepatic metabolism and function and 
dyslipidemic changes.37,81, 91,92,303 Classic clinical signs in pet reptiles are non-specific 
and include progressive and chronic anorexia, lethargy, weight loss, and ultimately liver 
failure and death.81,151,221,312  

Reptile fat metabolism presents differences from mammals as lipogenesis is 
limited in adipose tissue (coelomic fat pads) and is mainly performed in the liver.277 This 
difference may be relevant to the etiology behind the increased susceptibility to hepatic 
triacylglycerol accumulation. 

Currently, the prevalence and risk factors of this disease in bearded dragons is 
unknown. High-fat and carbohydrate diets, deficiency in lipotrophic dietary factors, 
excess vitellogenesis in females, decreased activity, low environmental temperatures, 
lack of hibernation of temperate species, hypothyroidism, hyperparathyroidism, 
systemic illness and chronic stress are considered potential contributing factors to 
hepatic lipidosis in captive reptiles.37,79,81,91,221,272,282,309,312  

Some authors suggest that non-breeding females chronically store lipids in their 
livers in anticipation of reproductive activity, thus exceeding their metabolic ability to 
prevent hepatocyte damage.312 These reproductive abnormalities may be secondary to 
abnormal photoperiods and temperatures, as well as long-term isolation of induced 
ovulators.221  

Most reptiles are intermittent feeders or undergo hibernation and are used to 
various periods of anorexia making it unlikely to be a predisposing factor as in cats and 
guinea pigs.27,277 Reptiles have mechanisms in place for these periods of fasting as they 
can reduce their metabolic rate with prolonged fasting as demonstrated in some snake 
and turtle species.26,27,277 However, the pathogenesis of hepatic lipidosis and the reason 
for its frequent occurrence in captive bearded dragons is poorly understood, though the 
lack of hibernation for use of stored fat may play a role.  

Several cases of hepatic lipidosis suspected to be secondary to poor diet and 
husbandry have been reported.350 Based on ecological studies, an adult bearded 
dragon should consume a diet composed of 50-90% vegetables and 10-50% gut-loaded 
and dusted adult insects.72,206,265,317 However, many bearded dragons that present to 
veterinarians for evaluation consume high-fat larval insects (18-29% crude fat)102,103 
throughout their lives. This chronic increase in dietary fat results in increased absorption 
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of fatty acids, which are transported to the liver for lipogenesis to produce 
triacylglycerols.277,312 At the time of diagnosis, husbandry and diet change alone seem 
relatively ineffective at reversing hepatic changes and clinical signs at a reasonable 
pace in most cases.81  

Despite hepatic lipidosis being a commonly reported disease of pet bearded 
dragons, there is a considerable knowledge gap in the epidemiology and predisposing 
factors for this condition. While several risk factors have been proposed in the literature, 
these hypotheses have not been tested. Therefore, the determination of risk factors 
would help to identify husbandry practices that could mitigate this condition, by 
decreasing its occurrence or severity at the time of veterinary intervention.   

The objective of this study was to estimate the prevalence and basic 
epidemiological risk factors associated with hepatic lipidosis in pet bearded dragons 
submitted for necropsy at the Animal Health Laboratory (AHL) and Zoo/Exotic 
Pathology Service (ZEPS). We hypothesized that a prevalence of over 20% would be 
found and that it would be more common in older animals and females with concurrent 
reproductive diseases. 

 

3.3 Material and methods  

3.3.1 Inclusion criteria  

Pathology reports of bearded dragons submitted to the AHL and the ZEPS from 
1998 to 2018 were retrieved. Biopsy cases were excluded as these cases did not have 
known comorbidities to determine risk factors and may not have been representative of 
the whole liver. For further inclusion in the study, archived liver histology slides for any 
case diagnosed with lipidosis had to be available for review, to have a homogenous 
assessment of the lesions over time and between institutions. All bearded dragon 
necropsy cases that were not diagnosed with hepatic lipidosis were included without 
further evaluation of the histology slides due to a large number of cases. However, a 
subset of these non-lipidotic cases (n= 55) from the AHL was evaluated as a control 
group for the histological assessment. Cases that were not diagnosed with hepatic 
lipidosis in the original histopathology report, and for which slides were not retrieved, 
were given a grade of 0. For the cases that underwent histology review, diagnosis of 
hepatic lipidosis was based on a microscopic grading system (see section 3.3.2).  

3.3.2 Slide evaluation  

The liver sections from 252 cases stained with HE were re-evaluated and 
assessed for 2 semi-quantitative and 1 quantitative microscopic parameter (Table 2.1), 
using a histopathology grading system previously developed from the same cohort of 
cases with pan-lobular and diffuse lipidosis (Chapter 2). These cases included 197 
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cases that were originally diagnosed with hepatic lipidosis and 55 controls from the 
AHL. Upon review, cases were stratified according to the final histological score (0-12) 
and severity classification (mild, moderate, severe) (Table 2.1). Re-evaluated cases 
with a final histological grade of >1 were considered to have hepatic lipidosis for 
calculation of prevalence.  

3.3.3 Database formatting  

For each case in the cohort, the identification number, institution of submission, 
demographic data (age and sex), and the final diagnoses provided in the pathology 
report were imported into a spread sheet. Each disease process listed as a final 
diagnosis was categorized by anatomic location, by giving a binary code for the affected 
(1) or not affected (0) organ systems (hepatic, reproductive, cardiovascular, renal, 
neurological, dermatological, respiratory, gastrointestinal, and endocrine). In addition, 
the presence (1) or absence (0) of hepatic lipidosis, atherosclerosis, infectious 
diseases, and neoplasia, independent of the body system affected, was also recorded. 
These disease processes were included separately as they are known to affect the 
metabolism of bearded dragons. Further differentiation of the infectious etiology or type 
of neoplasm was not recorded.   

3.3.4 Missing data handling  

Data for age, sex, or both were missing in 31.9%, 23.1%, and 14.5% of cases, 
respectively (unknown or unreported on submission sheets or necropsy reports), and 
were assumed to be missing at random. To limit selection bias and loss of information 
associated with listwise deletion (default for statistical software), the missing values 
were dealt with via a multiple imputation procedure. Five datasets with imputations for 
missing values were generated by predictive mean matching using chained equations 
with the R-package “mice”.48 Imputation diagnostics were performed by comparing the 
distribution of the imputed data to the complete data. 

3.3.5  Descriptive statistics  

The prevalence of hepatic lipidosis, using re-evaluated lipidosis cases, and their 
final histological scores and severity tiers, was calculated from necropsy cases with 
their respective binomial confidence intervals (asymptotic method).  

3.3.6 Logistic regression and risk factor analysis  

Univariate ordinal logistic models were first performed using the final histological 
score and severity classification of hepatic lipidosis as outcome variables (in different 
models), and the following predictors: age, age as a nominal variable (juvenile [<18 
months]/adult),282 sex, and concurrent disease categories, as described above. As 
simply adding variables significant on the univariate models to a multiple logistic model 
has been shown to be erroneous,347 all initial variables were added to a multiple ordinal 
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logistic models instead. Subsequent non-significant variables were eliminated using a 
backward elimination strategy.  

All ordinal logistic regression models were fitted with the 5 data sets (resulting 
from multiple imputations for missing data) simultaneously with model parameters being 
automatically combined using Rubin’s rule by the “mice” R-package.291 

Associations between hepatic lipidosis final histological scores, severity 
classification, and explanatory variables were reported as proportional odds ratio (OR) 
with 95% confidence intervals (CIs) by exponentiation of the parameter estimates of the 
ordinal logistic models. 

For all tests, an α of 0.05 was used for statistical significance, and statistical 
analysis was performed using R (R version 4.0.3, 2020, R foundation for statistical 
computing, Vienna, Austria) and related programming packages for multiple imputations 
(“mice”),48 ordinal logistic models (“ordinal”, Christensen RHB, version 2019-12-10), and 
plots (“ggplot2”).351 

 

3.4 Results  

3.4.1 Case re-evaluation and descriptive statistics  

A total of 809 pathology reports were initially collected from AHL and ZEPS. A total 
of 571 cases met the inclusion and exclusion criteria and were used to determine the 
risk factors and prevalence of hepatic lipidosis observed in the population submitted for 
post-mortem examination. The median (interquartile range) reported age was 3 (4) 
years. There were 231 females, 208 males, and 132 dragons of unknown sex. The raw 
prevalence of hepatic lipidosis was 38.3% (95% CI: 34.4-42.3%, 219/571). The 
proportion of cases in each severity class of the disease is shown in Table 3.1, and 
stratification by raw final histological score of hepatic lipidosis is presented in Table 3.2. 
Severe hepatic lipidosis was the most common class (prevalence and CI) found in this 
cohort. 
 

Table 3.1 Prevalence of hepatic lipidosis in bearded dragons (Pogona vitticeps) by severity classification 

Severity Prevalence (%) 95% CI (%) N/571 

Mild 11.0 8.5-13.6 63 

Moderate 12.8 10.0-15.5 73 

Severe 14.5 11.6-17.4 83 
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Table 3.2 Prevalence of hepatic lipidosis in bearded (Pogona vitticeps) dragons by final histologic scores 

Final Score Prevalence (%) 95% CI (%) N/571 

0 62.2 58.2-66.1 352 

1 4.6 2.8-6.3 26 

2 3.8 2.1-5.2 21 

3 1.7 0.7-2.8 10 

4 1.1 0.2-1.9 6 

5 6.1 4.2-8.1 35 

6 3.9 2.3-5.4 22 

7 2.8 1.5-4.2 16 

8 6.1 4.2-8.1 35 

9 4.6 2.8-6.3 26 

10 2.2 1.0-3.5 13 

11 0.9 0.1-1.6 5 

12 0.7 0.0-1.4 4 

 

3.4.2 Logistic regression and risk factor analysis  

On the univariate models, females had 43% higher odds of having a higher 
severity classification than males (proportional OR: 1.43/severity class, 95% CI: 1.01-
2.04, p=0.048) (Figure 3.1), and also a 43% higher odds of having a higher final score 
(proportional OR: 1.43/final score, 95% CI: 1.01-2.04, p=0.049) (Figure 3.2). Adults also 
had a 2.5 fold increase in odds of having higher severity classification than juveniles 
(proportional OR: 2.52/severity class, 95% CI: 1.70-3.73, p<0.001) (Figure 3.1) and 
having higher final score than juveniles (proportional OR: 2.56/final score, 95% CI: 1.73-
3.78, p<0.001) (Figure 3.2). Univariate models also showed that concurrent 
gastrointestinal (proportional OR: 0.51/severity class, 95% CI: 0.36-0.71, p<0.001) or 
infectious (proportional OR: 0.35/severity class, 95% CI: 0.25-0.49, p<0.001) diseases 
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decreased the odds of having a higher severity class by 51% and 66%, respectively. 
Likewise, the same variables decreased the odds of having a higher final score 
(gastrointestinal: proportional OR: 0.49/final score, 95% CI: 0.35-0.69, p<0.001, 
infectious: proportional OR: 0.34/final score, 95% CI: 0.24-0.48, p<0.001). All other 
variables were not significantly associated with hepatic lipidosis final score or severity 
on necropsy using the univariate models (p>0.05). 

 

 

Figure 3.1 Bar graph of the number of bearded dragons (Pogona vitticeps) with different severity of 
hepatic lipidosis across sexes and age. Unknown sex and age was excluded. 

 

 

Figure 3.2 Bar graph of the number of bearded dragons (Pogona vitticeps) with different final histologic 
scores (grades) of hepatic lipidosis across sexes and age. Unknown sex and age was excluded. 
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On multiple logistic models, the variables sex (proportional OR: 1.44/severity class, 
95% CI: 1.01-2.08, p=0.047) and age (juvenile/adult) (proportional OR: 2.11/severity 
class, 95% CI: 1.36-3.28, p=0.001) showed a positive association with hepatic lipidosis 
severity, though mild for the female sex. On the other hand, infectious disease 
(proportional OR: 0.36/severity class, 95% CI: 0.25-0.53, p<0.001) and neoplasia 
(proportional OR: 0.42/severity class, 95% CI: 0.25-0.70, p<0.001) showed a significant 
negative association with hepatic lipidosis severity. A similar model showed that the 
female sex (proportional OR: 1.45/final score, 95% CI: 1.02-2.06, p=0.042) and age 
(juvenile/adult) (proportional OR: 2.12/final score, 95% CI: 1.38-3.26, p=0.001) had a 
positive association with the final hepatic lipidosis score, while infectious (proportional 
OR: 0.36/final score, 95% CI: 0.25-0.52, p<0.001) and neoplastic (proportional OR: 
0.43/final score, 95% CI: 0.26-0.72, p=0.004) diseases had a significant negative 
association with the final score of hepatic lipidosis. 

 

3.5 Discussion  

Results of the present study indicate there is a high estimated prevalence (38.3%) 
of hepatic lipidosis in pet bearded dragons in the United States and Canada, with a 
large proportion of cases presenting a severe form of the disease (14.5%). There was a 
similar estimated prevalence of cases with mild and moderate severity of lesions (11% 
and 12.8%, respectively). Assessment of risk factors indicated that the variables female 
sex and adult age were associated with higher final hepatic lipidosis score and severity 
while infectious disease and neoplasia were associated with a lower final hepatic 
lipidosis score and severity. All other variables were not significantly associated with 
final hepatic lipidosis score or severity.  

In initial modeling, gastrointestinal and infectious disease were found to be strong 
negative predictors of hepatic lipidosis. However, when assessed together with other 
variables, infectious disease and neoplasia were found to be strong negative predictors 
of hepatic lipidosis in bearded dragons. This change in findings is likely secondary to 
confounding variables that could not be accounted for due to the retrospective nature of 
this study. These results suggest that when bearded dragons have an advanced 
underlying disease process such as systemic infection or neoplasia, they may have an 
increased metabolism or catabolism of fat reducing their prevalence of hepatic lipidosis. 
Since reptiles store their excess energy as lipid and metabolize it to meet their energy 
demands, this pathophysiology it is physiologically possible.277 Alternatively, these 
individuals with an infectious disease or neoplasia could be chronically anorexic leading 
to chronic weight loss and metabolism or re-mobilization of hepatic triacylglycerols. 277 
Currently, a reptiles ability to export triacylglycerols from the liver to energy demanding 
tissues during fasting is unknown.277  

Sex was found to be mildly significant, with females more likely to have hepatic 
lipidosis than males, as well as more significant histologic lesions. This sex effect was 
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also evident when inspecting the graphs of data (Figure 1 and 2). Female reptiles, and 
other sauropsids, undergo vitellogenesis during the reproductive season for egg 
production.277 This is an estrogen-controlled process whereby vitellogenin, a protein 
carrying a small amount of phospholipid, and very-low density lipoproteins (VLDLs), 
carrying a large number of phospholipids, are synthesized by the liver for transport to 
the ovary for follicle formation.277 Sources of lipid for this synthesis can originate from 
ingested nutrients, lipids stored in the liver, or from the fat bodies.277 This active process 
likely occurs in healthy females, increasing the fat content of their livers during 
vitellogenesis. However, with reproductive disorders such as prolonged folliculogenesis 
and follicular stasis, hepatic lipidosis can occur due to reduced export of VLDLs to the 
ovary and continued hepatic lipogenesis for follicle development.77,81,123,151,222,223 This is 
thought to be a significant risk factor in literature and so it’s mild significance in this 
study may be because females presenting for necropsy had succumbed to hepatic 
lipidosis or other diseases, and were no longer reproductively active, reducing the 
statistical significance of sex. However, it is more likely plausible that females are more 
predisposed, but the effect is not as significant, as other factors may play a larger role in 
the pathogenesis. The effect of sex on this disease many also be species-specific and 
may carry a higher significance in other reptilian species. 

The median age of bearded dragons presented for necropsy was 3 years. Adult 
bearded dragons (>18 months) were found to be predisposed to hepatic lipidosis 
(Figures 1 and 2) likely because they had longer exposure to poor diet and husbandry, 
which are considered key factors in the development of hepatic lipidosis.350 In addition, 
there is likely a metabolism shift between juveniles and adults as juveniles require more 
calories as they grow. Due to the retrospective nature of this study, risk factors such as 
diet, anorexia, and husbandry were not evaluated as medical files were not associated 
with the pathology reports.  

A reptile’s ability to metabolize fat when needed277 raises the question if bearded 
dragons in captivity are met with enough energy demands for their metabolism, as pets 
are generally overfed and have reduced activity. It is plausible that hepatic lipidosis is 
caused by a chronic increase in dietary fat or calories in captive bearded dragons 
leading to triacylglycerol accumulation in the liver which can be compounded by 
impaired lipid metabolism [e.g. triacylglycerol overproduction from both de novo fatty 
acid synthesis and plasma non-esterified fatty acids (NEFA), decreased β-oxidation, 
insulin resistance]. However, the pathogenesis of hepatic lipidosis has not been 
identified and so, anorexia leading to peripheral triacylglycerol hydrolysis and fatty acid 
mobilization to the liver may play a role, albeit minor. A multicenter retrospective or 
prospective study involving cases with husbandry information and histopathology 
reports would be beneficial to understand these risk factors. 

Sampling bias could be present in this study as only cases where the liver was 
submitted were included. It is possible that some primary veterinarians completed the 
necropsy in-house and did not include liver samples for histology if they believed that 
the liver looked grossly normal or if they did not think that hepatic lipidosis was 
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significant to the case. This could artifactually increase or decrease the prevalence of 
hepatic lipidosis, respectively. In addition, all hepatic lipidosis cases were evaluated 
prospectively to remove variability such as diagnostic drift131 but a similar evaluation 
was not completed for the large number of cases that were not diagnosed with hepatic 
lipidosis. It is possible that some of these cases had some degree of lipidosis, thus 
reducing the power of this study. Another limitation of this study is that a grading system 
that was not clinically validated was implemented (Chapter 2).  

 

3.6 Conclusion  

This retrospective study shows a high prevalence of hepatic lipidosis in pet bearded 
dragons presented for necropsy at AHL and ZEPS. Variables that were negatively 
associated with the final hepatic lipidosis score or severity classification on necropsy 
were infectious disease and neoplasia. These variables were found to be strong 
negative predictors of hepatic lipidosis and authors suspect that when bearded dragons 
have an underlying disease process, they have an increased metabolism or catabolism 
of fat. Prospective data would be required to further evaluate this hypothesis. The 
female sex and adult age were associated with higher final hepatic lipidosis score and 
severity classification. These results suggest that females are mildly predisposed, likely 
due to derangement of follicular development and vitellogenesis. In addition, adult 
bearded dragons are more predisposed to this condition compared to juveniles, likely 
due to the latency period needed to develop the disease. Prospective data would be 
required to further evaluate these hypotheses. 
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4.1 Abstract  

Nutrition is an important aspect of a bearded dragon’s (Pogona vitticeps) health, 
and improper diet is thought to be a predisposing factor for metabolic disorders. The 
objective of this study was to survey bearded dragon owners to learn about their feeding 
practices and supplement use. Self-selecting bearded dragon owners were invited to 
participate in the survey if they were over 18 years of age or had guardian consent, and 
resided in Canada or the United States. A survey titled “Nutritional Survey of Bearded 
Dragon Dietary Habits in North America” was available online following research ethics 
board approval from the University of Guelph. A total of 405 responses representing 
sub-adult and adult bearded dragons were evaluated. The most common diet offered 
consisted of 1 to 25% larval and adult insects, each, and 51 to 75% plant material. 
Approximately half of the survey participants, especially the younger respondents, were 
feeding imbalanced diets with less than 50% plant material and more than 50% insects. 
Berries were the most common plant material offered, while superworms (Zophobas 
morio) and hornworms (Manduca sexta) were the most common larval insects offered, 
and house crickets (Acheta domesticus) were the most common adult insects offered. 
Insects were commonly dusted with calcium including vitamin D3 and multivitamins, but 
plant materials were infrequently dusted. These results highlight the need for 
development of clear nutritional guidelines which outline the type, quantity, and 
frequency of food items and supplements offered, as well as the requirement for further 
investigations to determine the ideal diet for this common pet.  
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4.2 Introduction  

Nutrition is an important aspect of health and management in captive reptiles and 
imbalances can lead to several common metabolic conditions such as nutritional 
secondary hyperparathyroidism and hepatic lipidosis.79,264 Hepatic lipidosis, specifically, 
has a high prevalence (38.3%) in captive bearded dragons and high-fat diets are 
thought to be one of the predisposing factors, among other husbandry-related factors 
such as reduced activity and non-breeding females, to this disease (Chapter 3).81 For 
this reason, investigating the feeding practices of captive bearded dragons (Pogona 
vitticeps), one of the most popular pet reptiles in North America,294 would be valuable to 
assess whether there are systematic dietary issues that could be associated with the 
high prevalence of husbandry related disorders, such as hepatic lipidosis, in this 
species. 

There have been no surveys published that evaluated the feeding practices of 
bearded dragon owners and this information would be useful for breeders and 
veterinary health care teams. Resources such as webpages, pet stores, books, 
scientific literature, and veterinarians are available to pet owners and provide various 
suggestions on best diet practices. Investigating owners’ preferred information sources 
would be valuable as it would help direct better efforts at owner education for bearded 
dragon dietary needs. Several publications between 1996 and 2003 offered feeding 
recommendations for bearded dragons, including the suggestion for leafy greens, 
vegetables, and insects.51,72,84 However, specific instructions regarding the quantitiy of 
dietary ingredients were not clear. Recommendations on the frequency of feeding 
varied from daily to every other day.51,72,84  

Ecological studies report various gastric contents in free-range bearded dragons. 
One study reported adult bearded dragons to be almost exclusively herbivorous with the 
majority of the gastric contents (90%) being plant material with a minimal amount (10%) 
of animal material.206 Another study found the majority of the gastric contents of adult 
bearded dragons to be plant material, though of a lower percentage (54.4%), with a 
higher amount (41.5%) of animal material such as termites (Isoptera).265 From these 
data it was suggested that bearded dragons are opportunistic predators that mostly eat 
plants (forbs, woody plants, grasses, succulents)38 when arthropods are limited and that 
a variety of dark leafy greens and insects in captivity would resemble the natural diet of 
bearded dragons.265 The proportions of plant and insect material recommended for 
captive adult bearded dragons reported in the literature varies between 50 to 90% plant 
material and 10 to 50% animal material.72,317 It is suspected that even when the more 
lenient recommendations of 50% plant and 50% insect material are followed, many pet 
bearded dragons are being offered unbalanced diets.  

Establishing a properly balanced diet for a pet bearded dragon can be difficult as it 
requires multiple components and pelleted diets may not be complete or readily 
accepted.38,85 Also, attempting to mimic wild diets for pet bearded dragons may not be 
feasible nor appropriate as several important factors differ between wild and captive 
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populations. To account for the complexity of balancing captive diets, and to prevent 
dietary deficiencies, supplements are typically recommended with a variety of products 
marketed for pet reptiles. However, only a few of them are tested for efficacy in gut 
loading and dusting of feeder insects.85,106 The unknown efficacy of supplements, 
combined with improper diets, can result in nutrient requirements not being satisfied, 
leading to potential deficiencies or excess. 

The objective of this study was to survey bearded dragon owners in the United 
States and Canada to learn more about their feeding practices and supplement use. 
This information can identify areas where veterinarians can promote client education 
and suggest potential dietary risk factors to be further studied concerning nutritional 
related disorders. In addition, the results of this survey may serve to promote the 
development of nutritional assessment guidelines for this species and further research 
in this field.  

 

4.3 Material and methods   

A survey titled “Nutritional Survey of Bearded Dragon Dietary Habits in North 
America” with mutually exclusive multiple choice and open text questions was made 
available online (Qualtrics XM 2020, SAP Software Company, Provo, UT) following 
research ethics board approval (REB #19-08-041) from the University of Guelph. Self-
selecting primary caregivers to bearded dragons were invited to participate in the survey 
if they were over 18 years of age or had guardian consent and resided in Canada or the 
United States. The questionnaire (Appendix A) had thirty-two questions and was 
intended to be completed once per household. In the first section, questions were asked 
about the pet demographics including where the animal was acquired (e.g. pet store, 
breeder, rescue group), as well as the age and sex of the animal. Subsequently, five 
different questions were used to collect information on the proportion of larval insects 
(e.g. mealworms [Tenebrio molitor], waxworms [Galleria mellonella], superworms 
[Zophobas morio]), adult insects (e.g. crickets [Acheta domesticus], beetles [Tenebrio 
molitor]), and plant material (e.g. vegetables, leafy greens, fruits) fed to the bearded 
dragons. These proportional questions included categories (0%, 10%, 25%, 50%, 75%, 
100%) which were later combined to ranges of 0%, 1-25%, 26-50%, 51-75%, 76-100% 
for data analysis. Open text questions were designed to allow survey participants to list 
specific types of insects, vegetables (e.g. roots, leafy greens), and fruits they were 
offering. These responses were then recorded as binary values for data analysis and 
were not mutually exclusive as multiple insects and plant items could be offered to the 
same animal. Following questions about diet type and frequency, there were five 
questions about water provision and calcium and multivitamin supplementation. Next, 
there were four questions about animal health and veterinary care, as well as level and 
source of knowledge in husbandry. One multiple choice question regarding the source 
of knowledge was not mutually exclusive as respondents could have used several 
sources to devise their nutritional plan (Figure 4.3). The final set of questions focused 
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on the demographics of survey participants. At the end of the survey, an option to enter 
a draw for a gift card was available as an incentive to complete the survey. For owners 
with multiple bearded dragons, the questions regarding age, sex, and acquisition of the 
animal were repeated. A draft version of the questionnaire was beta-tested by five 
veterinarians to evaluate the clarity of wording and ease of answering questions. The 
wording of the questions was also reviewed by an independent data analyst. Once 
corrections were made, the final survey was prepared for distribution.  

The final, approved, questionnaire was distributed online through veterinary 
professional groups and social media outlets including the Ontario Veterinary College 
bulletin and Facebook page, Twitter handle from the Ontario Veterinary Medical 
Association, an e-newsletter from the Canadian Veterinary Medical Association, the 
American College of Zoological Medicine Facebook page, and the College of 
Veterinarians of Ontario e-newsletter. The announcement in these communications 
encouraged veterinarians to share the link with their clients and on their social media 
pages. While the online survey link was accessible to respondents for five months 
between March 2020 and July 2020, it was only actively promoted during the first 30-
day period. Survey responses were collected, collated, and assessed with descriptive 
statistics. Dietary practices were compared to the more lenient recommendations 
suggesting 50% plant material and 50% insects be offered to adult bearded dragons.72 

 

4.4 Results  

A total of 455 survey responses were collected between March 2020 and July 
2020. Entries listing the number of bearded dragons owned and no other information 
were removed from the data set, resulting in a total of 405 surveys for analysis. Of the 
remaining entries, 346 respondents reported the complete demographics of their 
bearded dragons, 342 respondents answered all questions about their bearded 
dragons’ diet except for 15 respondents who did not specify supplement use, and 302 
respondents reported their personal demographics and knowledge level. The median 
age of the bearded dragon population (n=346) in this study was eight years (range of <1 
year to 20 years) and the mode (most common value) was 1 year (Figure 4.1). Five 
bearded dragons were reported to be between 6 to 8 months of age. Bearded dragons 
in this survey mainly came from pet stores or a third party such as a shelter, rescue, or 
friend (Figure 4.2). There were slightly more male (53.2%, n=184/346) than female 
(38.7%, n=134/346) bearded dragons owned by survey participants. When devising a 
nutritional plan for their bearded dragons, the majority of owners consulted specialized 
herpetologic webpages and forums, while a smaller portion consulted their primary 
veterinarian or books, and a few consulted a pet store or a board-certified zoological 
medicine specialist (Figure 4.3). Approximately 58.9% (n=178/302) of the survey 
respondents considered themselves to have an intermediate level of knowledge in 
reptile husbandry, while 23.5% (n=71/302) considered themselves to have advanced 
knowledge, and 16.6% (n=50/302) considered themselves to be a novice. 
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Figure 4.1 Histogram of the age distribution of bearded dragons (n=346). Based on responses of owners 
to “Nutritional Survey of Bearded Dragon Dietary Habits in North America” survey. Y-axis represents the 
number of animals in each age category. 
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Figure 4.2 Pie chart of the origin of bearded dragon acquisition by owner (n=346). Based on responses of 
owners to “Nutritional Survey of Bearded Dragon Dietary Habits in North America” survey. 

 

 

Figure 4.3 Bar plot of the origin of resource information used to formulate dietary plans (n=302). Based 
on responses of owners to “Nutritional Survey of Bearded Dragon Dietary Habits in North America” 
survey; non-mutually exclusive multiple choice question. Y-axis represents the percentage of owners that 
used each resource. 
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Owners were questioned on the proportion of food offered to their bearded 
dragons (Figure 4.4). The most common diet consisted of 1 to 25% larval insects, 1 to 
25% adult insects, and 51 to 75% plant material (Figure 4.4). A little over half of 
respondents (55.3%, n=189/342) fed more than 50% insects, though when analyzed 
separately, the majority of owners fed no more than 25% larval insects (57.6%, 
n=197/342) and no more than 25% adult insects (69.6%, n=238/342). In addition, 47.4% 
(n=162/342) of responders were feeding less than 50% plant material. The most 
common feeder insects offered to the pet bearded dragons included a combination of 
larval superworms (73.9%, n=253/342) and hornworms (Manduca sexta) (67.8%, 
n=232/342) (Figure 4.5), and adult crickets (74.6%, n=255/342) (Figure 4.6). Of the 
plant items offered by owners, berries were the most common, followed by lettuce and 
carrots (Figure 4.7). However, when evaluating the proportions of plant items offered, 
many owners offered larger portions (>50%) of leafy greens (69.6%, n=238/342), and 
smaller portions (<25%) of vegetables (45%, n=154/342) or fruits (67.5%, n=231/342). 
Only 64.6% (n=221/342) of survey respondents always had water available in a bowl for 
their bearded dragon. 

 

 

Figure 4.4 Stacked bar plots of the percentage of each food category offered to bearded dragons 
(n=342). Based on responses of owners to “Nutritional Survey of Bearded Dragon Dietary Habits in North 
America” survey. The Y-axis represents the number of bearded dragons offered in the percentage 
category of each food group, based on color. 
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Figure 4.5 Bar plot of the most common larval insects offered to bearded dragons (n=342). Based on 
responses of owners to “Nutritional Survey of Bearded Dragon Dietary Habits in North America” survey; 
non-mutually exclusive responses. The Y-axis represents the percentage of bearded dragons offered 
each larval insect from the X-axis. 

 

 

Figure 4.6 Bar plot of the most common adult insects offered to bearded dragons (n=342). Based on 
responses of owners to “Nutritional Survey of Bearded Dragon Dietary Habits in North America” survey; 
non-mutually exclusive responses. The Y-axis represents the percentage of bearded dragons offered 
each adult insect from the X-axis. 
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Figure 4.7 Bar plot of the most common plant material offered to bearded dragons (n=342). Based on 
responses of owners to “Nutritional Survey of Bearded Dragon Dietary Habits in North America” survey; 
non-mutually exclusive responses. The Y-axis represents the percentage of bearded dragons offered 
each plant item from the X-axis. 

 

Younger bearded dragon owners (those identifying as less than 18 years of age 
with guardian consent), predominantly fed diets rich in larval insects. By comparison, 
respondents in other age groups fed a diet low in larval insects (Figure 4.8). Most 
owners over 18 years of age fed their bearded dragons a smaller proportion of insects 
and a larger proportion of plant material (Figure 4.8). 

 

 

Figure 4.8 Stacked bar plots of the percentage of each food category offered to bearded dragons based 
on owners’ age (n=302). Based on responses of owners to “Nutritional Survey of Bearded Dragon Dietary 
Habits in North America” survey. The Y-axis represents the relative number of bearded dragons fed 
different food items as a percentage of the total diet. The X-axis represents the different age groups of the 
respondents. *Small sample size (6 out of 302 responses) 
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A majority of owners dusted insects with calcium before feeding, every other day 
or weekly, and tended to use a calcium powder that contained vitamin D3 (Figure 4.9). 
Fewer owners dusted insects with multivitamins and those that did, predominantly 
dusted every week (37%, n=121/327) (Figure 4.9). In addition, a large portion (70.6%, 
n=231/327) of owners also gut-loaded the insects (Figure 4.9). Fewer owners dusted 
plant material with a calcium powder (48.9%, n=160/327) or a multivitamin powder 
(32.1%, n=105/327). A large number of respondents (92.4%, n=302/327) provided 
ultraviolet B (UVB) radiation for their bearded dragon. A subset of these owners (57.8%, 
n=189/327) took their bearded dragons outside for natural UVB exposure.  

 

 

Figure 4.9 Pie charts of supplement provision and frequency before feeding bearded dragons (n=328). 
Top left: Proportion of owners dusting insects with two different calcium powders. Top right: Frequency of 
owners dusting with calcium. Bottom left: Proportion of owners who gut load insects. Bottom right: 
Proportion of owners who dust insects with a multivitamin. Based on responses of owners to “Nutritional 
Survey of Bearded Dragon Dietary Habits in North America” survey.  
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4.5 Discussion  

This survey represents the diet and supplements offered to adult and sub-adult 
male and female bearded dragons in Canada and the United States. Information 
collected by bearded dragon owners showed that most had acquired their animals from 
a pet store or rescue group and considered themselves to have intermediate knowledge 
of reptile husbandry following consultation of specialized herpetologic webpages and 
forums. The most common diet offered consisted of 1 to 25% larval insects, 1 to 25% 
adult insects, and 51 to 75% plant material. However, approximately half of the survey 
participants, especially the younger respondents, were feeding diets made of less than 
50% plant material and more than 50% insects, which, in light of suggested 
recommendations, may be unbalanced. Qualitatively, berries were the most common 
plant material offered, while superworms and hornworms were the most common larval 
insects offered, and house crickets were the most common adult insects offered. 
Though berries were the most common plant item offered, quantitatively, reported diets 
were composed of a larger portion of leafy greens and smaller portions of vegetables 
and fruits. Insects were commonly dusted with calcium including vitamin D3 and 
multivitamins before feeding, but plant materials were not. Insects were also frequently 
gut-loaded. A majority of bearded dragon owners also provided UVB or natural sunlight 
to their pets.  

All bearded dragons from this survey were included in the adult group, even 
though sexual maturity is reported to be at 18 to 24 months.282 References that discuss 
diet for juveniles refer to animals less than five grams206 or less than four months.72 In 
addition, one sub-adult was reported and included in the ecological study by Oonincx et 
al., 2015.265 A slightly higher prevalence of male bearded dragons was present in these 
data but the sex of the animal was considered unlikely to influence the type of diet 
offered. When devising a dietary plan, the majority of owners consulted herpetologic 
webpages and forums over books and veterinarians. This was likely due to the ease of 
access to internet webpages and the absence of cost. These webpages and forums 
generally discuss people’s experiences and advice in the captive care of their pet 
beaded dragons. In addition, these animals generally came from pet stores and 
rescues. It is possible that many owners are feeding too many insects based on advice 
from these sources.  

When analysing the distribution of plant material, adult insects, and larval insects, 
it is apparent that approximately half of the responders were feeding more than 50% 
greens, 1 to 25% larval insects, and 1 to 25% adult insects. When compared to 
recommendations of 50% plant material and 50% insects,72 similar results were 
highlighted with approximately half  (55.3%) of respondents reportedly feeding too many 
insects (larval and adult combined), and approximately half (47.4%) of respondents, not 
enough leafy greens. This disparity was even more obvious when compared to the 
recommendations of 90% plant material and 10% insects in other references.317 When 
these data was evaluated based on the age of the respondent, owners younger than 18 
years were more likely to offer too many insects, mainly larval insects, and not enough 
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plant material. The proportion of inadequate diets offered is reflected in the fact that 
75.5% of respondents considered themselves to have a low to intermediate level of 
knowledge in bearded dragon husbandry. This may be due to a lack of access to 
scientific literature or owners not being engaged in the care of the pets. Since larval 
insects are high in fat,19 it is plausible that an increased intake of larval insect could be 
one underlying risk factor promoting obesity and hepatic lipidosis in this species. Larval 
insects tend to be higher in palmitic acid (saturated fatty acid) compared to adult 
insects, which contain more linoleic acid (polyunsaturated fatty acid).102,104 Diets high in 
saturated fatty acids have been linked to metabolic and cardiovascular disease in rats 
and humans.40,260 Palmitic acid, in particular, has been linked to dyslipidemia, 
hyperglycemia, increased fat accumulation, and increased inflammation in humans with 
excessive carbohydrate and caloric energy intake along with a sedentary lifestyle.53 

Superworms (17.7% as is converted to 42.0% crude fat dry matter [DM]) and 
hornworms (20.7% as is converted to 21.7% crude fat DM) were the most common 
larval insects offered and superworms contained some of the highest percentages of 
fat.102,195 House crickets (6.8% as is converted to 22.1% crude fat DM) were the most 
common non-larval insect offered and contained significantly less crude fat than the 
larval superworm but comparable amounts of fat to the hornworm on a DM basis.102 Of 
all the insects offered, silkworms (Bombyx mori) (1.4% as is converted to 8.0% crude fat 
DM) had the highest levels of retinol and lowest percentage of fat.102 On the other hand, 
of the offered insects, black soldier fly larvae (Hermatia illucens) had the best calcium to 
phosphorus ratio, independent of bioavailability.103 These results indicate that though 
the most common larval insect offered has a high-fat content, a combination of adult 
and low-fat larval insects would be ideal. Insects from the wild are nutritionally different 
from commercially raised insects and have lower fat with higher carotenoids, vitamin E, 
and omega-three fatty acids41,105,262 which may be due to diet and energy 
expenditure.103,107 Nutritional composition differences between wild and commercial 
insects may play a significant role in fat metabolism and storage in bearded dragons, 
especially when offered in abundance year-round. In addition, wild-caught insects have 
a higher concentration of vitamin D3 than commercial insects, and the provision of UVB 
has been proven to increase vitamin D3 levels.104,263 However, raising commercial 
insects with the provision of UVB is not standard, and making this information readily 
available to pet stores may improve the nutritional quality of feeder insects. 

Berries and carrots, two commonly offered plant materials to pet bearded dragons 
in this study, contain high amounts of simple carbohydrates, which can be converted 
into fat and can lead to obesity and metabolic disorders when fed in excess. 
Carbohydrates have also been linked to hepatic lipidosis in humans.20 While berries 
were offered to more than half the bearded dragons included in this survey, they made 
up <25% of the offered plant material for the majority of these animals as plant material 
consisted mostly of leafy greens with few vegetables or fruits. Studies following free-
roaming bearded dragons over several seasons, time, and different habitats are 
required to gain a better understanding of their natural diet and to make better 
recommendations for a captive diet. Current literature does not recommend fruits in the 
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diet; some researchers found fruit to be a significant risk factor for periodontal disease 
in bearded dragons.38,243 A variety of leafy greens and a limited amount of vegetables, 
flowers, and insects have been suggested.38,51 However, the composition of vegetation 
in the wild is different from commercially available produce, which are low in minerals 
and fiber, and high in simple carbohydrates.7,37,206,282 The differences between wild and 
commercial vegetation raise questions about whether store-bought produce accurately 
represents plant matter eaten in the wild. 

Due to the inverse calcium to phosphorus ratio of some plant material and most 
commercially raised insects,105 dusting and gut loading recommendations have also 
been made. Recommendations vary from dusting insects and plant material daily with 
calcium powder to dusting once or twice if fed several times a week.84,107,282 However, 
since calcium salt is better absorbed with food and inhibits phosphorus absorption,38 it 
likely should be used every time food is offered to improve the calcium to phosphorus 
ratio. Results from this survey suggest that dusting insects with calcium powder was a 
common practice though calcium dusting of plant material was less common. The 
majority of owners provided calcium with vitamin D3 which is consistent with 
recommendations in literature.38,282 This recommendation, however, is not evidence-
based for bearded dragons as the only study completed thus far on this topic indicated 
that oral supplementation of vitamin D3 was ineffective at increasing plasma calcidiol 
and calcitriol concentrations when compared to two or more hours of UVB exposure.266 
These diurnal animals should be able to synthesize their own endogenous vitamin D3 
through sufficient UVB. Over-supplementation of vitamin D3 through frequent dusting 
and gut loading can lead to toxicity which has been reported in green iguanas (Iguana 
iguana).344 Almost all survey respondents provided UVB for their bearded dragons 
further negating the need for oral vitamin D3 supplementation. Currently, guidelines for 
calcium supplementation remain vague. Nutritional deficiencies leading to metabolic 
bone disease can occur with under-dusting, while dystrophic mineralization can be 
induced with over-supplementation, as demonstrated in the leopard tortoises 
(Stigmochelys pardalis).108 Specific data for guidelines in bearded dragons are lacking.  

Many respondents gut-loaded insects offered to their pet. However, owners were 
not questioned on the types of gut loading diets provided to these insects. Gut loading 
insects for 48 hours with an 8% calcium diet has been recommended to improve the 
calcium to phosphorus ratio, with the precaution that it can lead to high mortality in 
crickets.6 Various gut loading diets are available but plant-based diets are more 
palatable to house crickets.16 A few of these diets have been evaluated to assess if 
calcium content is adequate and only two commercially available products have been 
proven efficacious in crickets and superworms.106,198 Unfortunately, these products are 
not readily available in Canada and so further studies are required. Since numerous un-
tested products are available, it is possible that insects were not appropriately gut 
loaded. In addition to calcium supplementation, multivitamin supplementation is advised 
since feeder insects are deficient in several vitamins.38 Some authors advise weekly 
supplementation while others recommend supplementation once to twice a month 
though there are no studies to support these guidelines.38 Dusting insects and plant 
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material with multivitamins was reportedly done by fewer respondents; the frequency 
was weekly rather than daily. The lack of multivitamin dusting could result in vitamin E 
deficiency, which plays an essential role in fat metabolism.352 Insufficient vitamin E 
could pose a potential risk factor for the development of hepatic lipidosis. 

Even though this species is desert-dwelling, they do drink water and need regular 
access to fresh, clean water.38 A large portion of respondents did not have water 
available in a bowl for their bearded dragons. However, this finding did not account for 
water not being offered in more non-traditional ways.  

Two limitations of this study include 1) possible recall bias by owners answering 
survey questions, and 2) reporting bias in the data since owners who left questions 
unanswered were not included in the calculations of proportions. These owners may 
have left a question blank instead of selecting what they would consider a negative 
response if they did not know the answer, or if they did not want to complete the survey. 
For example, an option for dusting with multivitamins monthly, feeding a commercial 
pelleted diet, or feeding nymph crickets was not offered, so a subset of respondents 
may have not answered the questions about diet. The exact amount and frequency of 
food offered was not evaluated in this survey and may have provided important 
information on the total caloric intake per meal as excess caloric intake and obesity are 
known to be major problems in captivity38 and could be linked to hepatic lipidosis. The 
data for individuals that identified as the age group 60 to 69 (n=6/302) was likely not 
representative due to the low number of responses. Another limitation was that the 
species of bearded dragon owned was not identified and assumed to be the bearded 
dragon, as they are the most common species in the pet trade. However, other species 
such as the eastern bearded dragon (Pogona barbata) may have been included and 
have different dietary requirements as they are slightly more omnivorous.353 Additional 
limitations include a selection and inclusion bias skewing the data towards more 
proactive owners since the survey link was disseminated among veterinary staff and 
veterinary-related social media. The number of owners that feed an inadequate diet in 
the general population may be much higher than what is reflected in this survey. A 
selection bias may also be represented in the number of individuals who devised a 
nutritional plan with their primary veterinarian. Multivariate statistics were not completed 
on the data and this was also a potential limitation; however, complex statistics were 
considered beyond the scope of the study aim of reporting diet types and feeding 
management of bearded dragons. 

 

4.6 Conclusions  

Clear and well-researched nutritional guidelines endorsed by specialty veterinary 
organizations should be developed for owners and distributed at pet stores, rescue 
centers, and online. Educational infographics on bearded dragon health, diet and 
husbandry should be promoted widely by the veterinary profession. Veterinarians who 



 

 

64 

 

provide consultation to bearded dragon owners need to be prepared to discuss 
nutritional practices, supplement use, water provision, and the current evidence-based 
recommendations. However, large knowledge gaps about nutritional requirements for 
bearded dragons can make this discussion challenging. Bearded dragons are 
suspected to be predisposed to hepatic lipidosis and diet should be closely scrutinized 
as a risk factor. Until further evidence-based recommendations are available, owners 
should be urged to limit the number of carbohydrates and fatty larval insects offered to 
their bearded dragons and to provide diets higher in fiber and adult or low-fat larval 
insects. The ideal composition and quantity of plant and insect material offered (e.g. 
lower carbohydrate, higher fiber), and the appropriate type, amount, and frequency of 
supplement use requires further investigation. 
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5.1 Abstract  

Objective  

This study aimed to understand the metabolic derangement associated with 
hepatic lipidosis in bearded dragons; identify novel plasma biomarkers that could be 
used for non-invasive diagnosis and monitoring of hepatic lipidosis; evaluate computed 
tomography (CT) as a diagnostic tool for hepatic lipidosis; and assess gemfibrozil’s 
efficacy at reducing hepatic fat. 

Animals 

Fourteen bearded dragons (Pogona vitticeps) with various hepatic lipidosis 
severity were used in this research.  

Procedures  

Animals underwent diagnostic imaging including ultrasound, CT, and coelioscopy 
to visualize the liver. Disease severity was graded from liver biopsies obtained by 
coelioscopy. Clinical pathology tests included lipidologic tests and hepatic biomarkers. 
Novel biomarkers were investigated using targeted metabolomics and lipidomics to 
understand the changes in lipid metabolism with hepatic lipidosis. Animals were 
medicated with gemfibrozil 6mg/kg orally once a day for 2 months prior to repeating 
diagnostic imaging, clinical pathology tests, targeted metabolomics, and liver biopsies.    

Results 

Hounsfield units measured on CT scan were negatively associated with 
increasing hepatic vacuolation, while ultrasound examination and gross evaluation of 
the liver were not reliable measures of hepatic lipidosis. On the biochemistry profile, low 
beta-hydroxybutyric acid (BHBA) was significantly associated with increased disease 
severity. Metabolomics and lipidomics data found BHBA and succinic acid to be the 
best biomarkers for diagnosis of moderate to severe lipidosis. Succinic acid was 
significantly lower in the gemfibrozil treated group. In addition, there was a tendency for 
improvement of biomarkers and reduced hepatic fat in bearded dragons with moderate 
to severe disease that were treated with gemfibrozil, though the improvement was not 
statistically significant. 

Conclusions  

These findings provide useful information to assist clinicians in the antemortem 
diagnosis of hepatic lipidosis in the bearded dragon and paves the way for further 
research in the diagnosis and treatment of this prevalent disease. 
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5.2 Introduction  

Hepatic lipidosis, also known as fatty liver disease, or steatosis is a common 
disease in pet bearded dragons (Pogona vitticeps), with a reported prevalence of 38.3% 
on necropsy at 2 North American institutions (Chapter 3). The disease process involves 
a progressive accumulation of triacylglycerol in hepatocytes resulting in disruption of 
microanatomy, which leads to impaired hepatic metabolism and function, as well as 
dyslipidemia.37,81,91,92,303 Hepatic lipidosis is commonly suspected in clinical cases of 
bearded dragons that present with non-specific clinical signs including anorexia, 
lethargy, and weight loss; ultimately progressing to liver failure and death.81,151,221,312 
Retrospective data has indicated age (adult) and sex (female) were risk factors for 
hepatic lipidosis while infectious disease and neoplasia were found to be strong 
negative predictors (Chapter 3).  

The pathogenesis of hepatic lipidosis in bearded dragons is poorly understood. In 
reptiles, lipogenesis and fat metabolism are limited in adipose tissue (coelomic fat pads) 
and are mainly performed in the liver, which may increase its susceptibility to 
triacylglycerol accumulation.277 Hepatic triacylglycerol accumulation can come from 
different mechanisms such as increased fatty acid uptake (from food or adipose tissue 
lipolysis), increased de novo synthesis (from carbohydrates), decreased fatty acid 
degradation (from impaired or saturated mitochondrial β-oxidation), or decreased 
hepatic excretion (to plasma lipoproteins).11,181  

Ante-mortem diagnosis of hepatic lipidosis is challenging in bearded dragons as 
there is no scientific information available beyond basic descriptive studies. Plasma 
biochemistry values are largely insensitive to screen for this disorder in reptiles and as a 
result, most animals have an advanced stage of the disease by the time they are 
diagnosed, and responds poorly to treatment.81,221,272 Since blood is a readily accessible 
tissue, investigating other commonly used lipid biomarkers such as plasma non-
esterified fatty acids (NEFA), ketones, triglycerides, and non-high-density lipoproteins 
(HDL) cholesterol,86,91,160 as well as a larger number of other metabolites and lipids 
through metabolomics/lipidomics,134,203,239,267,280 may help with screening, diagnosing, 
and monitoring of this disease in a non-invasive manner. In particular, triglycerides 
would be of interest as hypertriglyceridemia has been demonstrated in red-footed 
tortoises (Chelonoidis carbonaria) with confirmed hepatic lipidosis.91  

Metabolomics is the comprehensive analysis of plasma low molecular weight 
metabolites including lipids by mass spectrometry or nuclear magnetic resonance 
spectroscopy.292 It is revolutionizing the way metabolite disorders are understood, 
investigated, and diagnosed in mammals and birds.22,67,292,329 Metabolomic profiling of 
bearded dragon plasma may allow for the identification of key biomarkers associated 
with various stages of hepatic lipidosis when compared to individuals with a non-lipidotic 
liver. This may help in understanding the affected metabolic pathways in hepatic 
lipidosis, discover the role of specific lipid molecules in its pathophysiology, and aid in 
assessing prognosis and monitoring of treatment.67,292  
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Most of the studies published on lipid metabolism alteration in reptiles have 
focused on the fatty acid composition of organs and plasma, but not on the lipid 
molecules or other important lipid classes such as other fatty acyls, glycerolipids, 
phosphoglycerolipids, sphingolipids, and sterols.39,127,302 These studies have 
demonstrated that several factors can affect the plasma and organ proportion and 
concentration of lipid. Diet, season, body size and reproductive status can all make 
interpretation of plasma lipid concentrations difficult as plasma triglycerides are often 
elevated during vitellogenesis, follicular stasis, pre-brumation, and hepatic 
lipidosis.81,91,165,221,277 

In the absence of reliable blood biomarkers, the diagnosis of hepatic lipidosis 
heavily relies on advanced imaging modalities such as computed tomography (CT) and 
magnetic resonance imaging, or liver biopsies with histopathology. To date, 
histopathology is the only validated diagnostic tool for hepatic lipidosis in reptiles, and a 
grading system has been proposed for bearded dragons (Chapter 2).81,282 However, 
due to the invasive nature, morbidity and mortality associated with sampling, and cost, 
histopathology is typically performed at a later stage in the disease in both human and 
veterinary medicine and so various imaging modalities continue to be investigated for 
earlier, non-invasive diagnosis.61,81,140,215,283,290  

Computed tomography allows for quantitative measurement of radiodensity 
(Hounsfield units [HU]) based on the x-ray absorption of various tissues.89 A decrease in 
attenuation has been correlated with an increase in hepatic fat content.89 No study has 
correlated liver density values on CT images (in HU) with the degree of histologic 
hepatic fat in bearded dragons. This information may allow for the non-invasive 
diagnosis and monitoring of hepatic lipidosis as well as quantification of the degree of 
lipidosis.289 Hepatic ultrasound is used in the diagnosis of hepatic lipidosis in 
mammals.61,216 However, this modality lacks specificity and thus has not been proven as 
a screening tool in human or veterinary medicine.34,61,97 In addition, it only provides a 
qualitative assessment of hepatic echogenicity and is prone to operator variability.323 
The liver of healthy bearded dragons can have variable echogenicity on ultrasound45,341 
and the subjectivity of interpretation does not allow for a confident diagnosis, especially 
when compared to more objective CT and histopathology findings.  

Currently, with husbandry changes and supportive care including nutritional 
support, reversal of hepatic lipidosis could take several months to several years.81 As in 
other reptile species, evidence-based therapeutic strategies are lacking for bearded 
dragons with hepatic lipidosis as no previous studies were found. Medical therapies 
including L-carnitine, methionine, and vitamins have not been proven to be efficacious 
in reptiles in preliminary trials.80,272,309,312 Though many of these recommendations are 
made to increase the catabolism of fat, none are proven to resolve hepatic lipidosis, and 
the discovery of a treatment has the potential to improve the prognosis of this disease. 
On top of dietary and husbandry changes, a lipid-lowering drug may expedite recovery, 
reduce hepatic fat, reverse associated dyslipidemia, and aid in the treatment of hepatic 

lipidosis in bearded dragons. Fibrates are peroxisome proliferator receptor- agonists 
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that reduce triglyceride levels by increasing fatty acid oxidation in the liver.112,142,174,178 
Since triacylglycerols accumulate within hepatocytes in hepatic lipidosis, fibrates such 
as gemfibrozil have been investigated in mammals and birds.11,95,178,200,240 In a 
systematic review of different fibrates, gemfibrozil was proven to be the most efficacious 
fibrate in people.174,211 The use of fibrates has not previously been studied in reptiles. 
However, due to the physiological similarities in hepatic lipogenesis and folliculogenesis 
to birds,154 avian studies were considered to be a good starting point for extrapolation to 
reptiles.  

Despite the high prevalence of hepatic lipidosis in bearded dragons, there is a 
large knowledge gap regarding its pathophysiology, diagnostic testing, biomarkers, and 
treatment. The objectives of this study were to better understand the metabolic 
derangement associated with hepatic lipidosis in a cohort of bearded dragons with and 
without hepatic lipidosis; to identify potential novel plasma biomarkers that could be 
used for non-invasive diagnosis and monitoring of hepatic lipidosis using quantitative 
(targeted) metabolomics and lipidomics; to evaluate CT as a non-invasive diagnostic 
tool for hepatic lipidosis in bearded dragons; and to assess gemfibrozil’s efficacy on 
improving liver density on imaging, blood biomarkers, and hepatic fat content on 
histology. We hypothesize that gemfibrozil would lead to hepatic fat reduction and 
biomarker improvement in comparison to a control group of bearded dragons. 

 

5.3 Materials and methods  

An animal use protocol was approved for this research by the University of 
Guelph- Animal Care Committee (Animal utilization protocol #4149). 

5.3.1 Animals, inclusion criteria, exclusion criteria  

The study population included 14 bearded dragons (6 males, 8 females) between 
1-4 years of age. The number of animals included in this study was based on a sample 
size estimated using G*Power 3.0 (Universität Kiel),96 to determine the efficacy of fibrate 
therapy on hepatic lipidosis considering a predicted change of 10% of hepatic fat with a 
power of 80% and alpha of 5%. Five sub-adult (1-year-old) bearded dragons were 
acquired through a reptile importer (National Reptile Supply, Mississauga, ON, 
Canada), and nine adults were relinquished by the public (Reptilia Zoo, Vaughan, ON; 
Ontario Veterinary College, Guelph, ON, Canada). On intake, the bearded dragons 
were screened for general health with a physical examination and fecal parasite testing. 
Fecal examination revealed a large burden (3+) of coccidia and pinworms in the 
collection. All bearded dragons were dewormed orally with 20 mg/kg of fenbendazole 
(Safe-guard Suspension, 100mg/mL, Merck, Kirkland, QC, Canada) every 14 days for 2 
doses and 30 mg/kg of ponazuril (ponazuril 15%, Marquis, Baie d’Urfe, QC, Canada) 
every 48 hours for 2 doses. One of the female bearded dragons had persistent diarrhea 
with negative results for fecal parasites. All bearded dragons were considered to be in 
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acceptable health for the study with good to increased body condition, mild cutaneous 
lesions including retained shed and mild crusting (which resolved during 
acclimatization), mild periodontal disease, and various distal orthopedic trauma 
including tail tip trauma, missing digits, and fractured nails. Any animal that was deemed 
unhealthy on physical examination was excluded from the study. 

The bearded dragons were individually housed at the University of Guelph-
Central Animal Facility, in opaque enclosures that were modified to have ventilation 
holes and lids modified to have half-covered with wire mesh. A basking and UVB light 
(Sunray 70W, Exoterra), polypropylene hide box, and two small bowls for food and 
water were provided in each enclosure. Each enclosure was lined with butcher paper 
which was changed when soiled. The temperature was measured via a digital 

thermometer and maintained at 25C in the room and 41C directly under the basking 
light. A 12-hour light cycle was set on timers for the basking and room light with the 

evening ambient temperature maintained at 25C. The bearded dragons were provided 
a combination of greens, fresh-cut vegetables, gut-loaded and pure calcium dusted 
adult house crickets (Acheta domesticus) from an in-house colony, and herbivore and 
insectivore pellets (Mazuri) based on diet recommendations in the literature.51,85,282,317 
Water was topped up as needed. The salads were dusted with 1/8 teaspoon of pure 
calcium powder (Repti Calcium Without D3, Zoo Med Laboratories; 43% Ca/kg) when 
offered and 1/8 teaspoon of multivitamin once a week. On alternating days, twice a 
week, the bearded dragons were offered 6-12 crickets (depending on size). These 
crickets were gut loaded for 48 hours with herbivore pellets (2.25% Ca/kg, finely 
ground) as plant-based diets are reported to be more palatable to house crickets.16 The 
ground pellets were mixed with a pure calcium powder (150g/kg of food) to make up a 
diet containing approximating 8-9% of calcium as recommended for gut loading.8,161 In 
addition, a calcium-fortified water jelly was provided to the crickets. Three days a week, 
the bearded dragons’ diet consisted of a combination of two teaspoons of herbivore and 
one teaspoon of insectivore pellets which were soaked with water to encourage 
consumption.85 However, the majority of the animals elected to self-fast when offered 
pellets alone aside from the year-old bearded dragons.  

Daily, the bearded dragon food intake, fecal and urate output, and any behavioral 
or physical changes were noted (eg. shedding, hiding). Every week, the bearded 
dragons were weighed, soaked in warm tap water for 15 minutes, and had their 
enclosures sanitized with an accelerated hydrogen peroxide solution. The bearded 
dragons were acclimatized for 1 month before the initiation of the diagnostic study.  

5.3.2 Biochemical panel 

Biochemical and diagnostic imaging testing was performed on all bearded 
dragons to further assess their health, obtain values on lipid metabolism and liver 
status, and screen for pre-existing hepatic lipidosis and dyslipidemia. At the end of the 
acclimation period, the bearded dragons fasted for 24 hours and a 0.9ml to 1.0ml blood 
sample was collected from the caudal tail vein or right jugular vein with minimal to no 
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lymph contamination. A 25-ga or 26-ga needle and disposable 1-ml syringe were used, 
with blood divided into two different heparinized tubes without a serum separator 
(Microtainer). The tubes were inverted a minimum of 5 times and placed on ice. Once 
all samples were collected, the blood was centrifuged for 10 minutes at 1500g. 

One heparinized plasma sample was submitted to the laboratory (University of 
Guelph, Animal Health Laboratory (AHL), Guelph, ON, Canada) for a custom-made 
biochemistry panel using a clinical reference laboratory analyzer (Cobas c501, Roche 
Diagnostics International AG, Rotkeruz, Switzerland) that included lipids [total 
cholesterol, triglycerides, HDL-cholesterol, total NEFA, bile acids], liver parameters 
[asparate aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyl 
transferase (GGT), glutamate dehydrogenase (GLDH)] and metabolites [beta-
hydroxybutyric acid (BHBA), glucose]. In addition, non-HDL cholesterol (total 
cholesterol-HDL) was also calculated.  

5.3.3 Targeted metabolomics  

The second heparinized plasma tube had approximately 0.2ml plasma for 

metabolomics decanted into cryopreservation vials and frozen at -80C until samples 
from the subsequent fibrate therapy pharmacodynamic study were also collected. All 
samples were then shipped on dry ice. These heparinized plasma samples were 
analyzed for 630 metabolites using a MxP® Quant 500 kit (Biocrates Life Sciences, 
Innsbruck, Austria) which was performed by the Analytical Facility for Bioactive 
Molecules, The Hospital for Sick Children, Toronto, Canada. The panel included 1 
alkaloid, 1 amine oxide, 20 amino acids, 30 amino acid-related metabolites, 14 bile 
acids, 9 biogenic amines, total hexoses, 7 carboxylic acids, p-cresol sulfate, 12 non-
esterified fatty acids, 4 hormones, 4 indoles, and derivatives, hypoxanthine, xanthine, 
choline, carnitine, and 39 acyl-carnitines, 14 lysophosphatidylcholines, 76 
phosphatidylcholines, 15 sphingomyelins, 28 ceramides, 8 dihydroceramides, 19 
hexosylceramides, 9 dihexosylceramides, 6 trihexosylceramides, 22 cholesteryl esters, 
44 diacylglycerols, and 242 triacylglycerols. In addition, the calculated value of total 
ceramides was obtained by adding all the individual ceramide concentrations. 

To minimize contamination, solvents used were of liquid chromatography- mass 
spectrometry grade and glassware was triple-rinsed with Milli-Q® water, isopropanol, 
and methanol. Samples, standards, and controls (10uL) were added to a 96-well filter 
plate with internal standard, dried under nitrogen, and then extracted with methanol, as 
per kit instructions. Extracted samples were analyzed by liquid chromatography-tandem 
mass spectrometry using the supplied high-performance liquid chromatography column 
(Agilent 1290 HPLC system, Agilent Technologies: Santa Clara, California, USA) 
coupled to a mass spectrometer (Sciex Q-Trap 5500, Sciex, Framingham, MA), both in 
positive and negative polarity. Data were acquired and qualified using two different 
software programs (Analyst, version 1.6.3, AB Sciex Pte. Ltd, Singapore; MetIDQ, 
version 9.7.1-DB110-Oxygen 2893, Biocrates Life Sciences, Innsbruck, Austria). All 
metabolites were quantified in umol/L. 
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5.3.4  Advanced lipoprotein profiling  

Approximately 2 months following initial blood collection, the bearded dragons 
were re-sampled as indicated above, and an additional 0.5ml of blood was collected 

and placed in an EDTA tube. Plasma was separated and frozen at -80C until shipping. 
The samples were then shipped on dry ice to a laboratory (Skylight Biotech Inc., 
Liposearch® panel, Akita, Japan) for advanced lipoprotein profiling. The technique used 
gel permeation-high-performance liquid chromatography to separate lipoproteins by size 
prior to chemical analyses, as previously described in mammals and birds.22,257,328 
Lipoproteins were analyzed for cholesterol concentration, triglycerides concentration, 
and particle numbers across 4 major classes and 20 sub-fractions. The concentration of 
free glycerol was also measured. Lipoprotein particle sizes were also obtained for the 
main classes as calculated from cholesterol plots using a proprietary algorithm.257  

5.3.5 Imaging (computed tomography and ultrasound) 

Following initial blood collection, the bearded dragons were sedated with 
10mg/kg alfaxalone307 and 1mg/kg hydromorphone149 intramuscularly in the thoracic 
limbs. The animals were sedated within approximately 10 minutes following drug 
administration for coelomic non-contrast-enhanced CT scans and subsequent coelomic 
ultrasounds. Each bearded dragon was placed in ventral recumbency for CT image 
acquisition. The CT was performed using a 16-slice CT scan (16-slice detector, GE 
Brightspeed CT scanner, GE Healthcare, Milwaukee, WI, USA). Images were 
reformatted with routine bone and soft tissue algorithms. Slice thickness was 0.625mm, 
and images were reformatted into 1.3mm slices. The field of view (FOV) was 25cm, kVP 
120, mA 100. The pitch was 0.938:1, with a 1 sec rotation time. Viewing software 
(AGFA Healthcare Enterprise Imaging [IMPAX Agility] ver 8.1.2 SP2 HF1, Mortsel, 
Belgium) was used to obtained and analyze images through multi-planar reconstruction 
to allow for better visualization of the liver. The hepatic density was measured in HU 
using a standardized region of interest (ROI) excluding blood vessels by a single 
observer (Appendix B, Figure B.1). Three circular ROIs were selected from a dorsal 
multi-planar reconstruction view from the caudoventral margin of the left hepatic lobe in 

the region of hepatic biopsies with an approximate area of 0.05  0.001cm2 for each 
ROI. The area of ROI was triangulated to the widest part of the liver using the 
transverse and sagittal planes. 

Following CT, coelomic ultrasound (Philips iU22, Philips Ultrasound, Bothell, 
USA) was performed on the pediatric abdomen setting with a gain of 76%, and 
maximum depth for each animal. The animals were manually restrained in dorsal 
recumbency and a C85 transducer was used to acquire images of the left and right liver 
lobes and coelomic fat pads when visible by a board-certified radiologist (AZ). Images 
were standardized and recorded for blinded evaluation by a single experienced 
observer (radiology resident) for liver echogenicity (as a score of normal, hyperechoic 
but hypoechoic to fat pads, and hyperechoic that is isoechoic to the fat pads) with fat 
pads used as a reference organ. The images were also measured as mean pixel 
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intensity in a standardized ROI following 8-bit greyscale conversion using an imaging 
processing program (ImageJ 1.53a, National Institutes of Health, USA).284 A maximum 
ROI was chosen in each image to include as much of the target organ as possible (left 
and right liver or fat pad) using freehand selection, excluding large vessels and liver 
capsule (Appendix B, Figure B.2). The mean pixel intensity of each target organ was 
calculated and the ratio of liver/fat pad pixel intensity was reported to account for 
dragon-to-dragon variability in echogenicity. Following imaging, subcutaneous fluids 
(10ml/kg) were given to each bearded dragon before returning them to their enclosures 
for recovery. 

5.3.6 Coelioscopic guided liver biopsy and histology  

Following imaging, a coelioscopic guided liver biopsy was performed under 
general anesthesia with a rigid endoscope (Karl Storz Endoscopy Canada Ltd., 
Mississauga, ON, Canada) and biopsy forceps using a paramedian approach with CO2 
insufflation as described in reptiles.152 As all bearded dragons were not sampled on the 
same day, they were selected for the procedure in a random sequence by mixing name 
cards and selecting a random card. Images of the liver were captured for each bearded 
dragon (Appendix B, Figure B.3), and subsequently, 5-French endoscopic biopsy 
forceps were used for liver sampling. Coelioscopic images were subjectively graded 
(non-lipidotic, mild, moderate, severe lipidosis) by a blinded observer (SG) based on 
color, parenchyma texture, margination, and size.  

Coelioscopic biopsies were fixed in 10% buffered formalin and submitted to a 
laboratory (University of Guelph, AHL, Guelph, ON, Canada) for processing where they 
were embedded in paraffin, sectioned onto glass slides, and stained with HE (Appendix 
B, Figure B.4). Additional stains including Periodic acid-Schiff (PAS), Masson’s 
trichome, and Congo Red were utilized to further evaluate cases as needed. The 
hepatic lipidosis grade and severity classification were determined according to an in-
house scoring system by a blinded pathologist (LS) and a graduate student (TB) and 
the amount of hepatocyte lipid was calculated using digital image analysis with 
ImageJ.284 Cases that stained positive with PAS were assumed to have glycogen which 
was not scored by the grading system.  

A male bearded dragon who was eating and defecating well postoperatively was 
found deceased 14 days after his coelomic biopsies from septicemia with coelomitis. 
Evaluation of the pre-mortem histology slides indicated the presence of hepatic 
granulomas.   

5.3.7 Gemfibrozil pharmacodynamics study  

Following a two-month recovery period from hepatic biopsies, the bearded 
dragons were randomized, blocking for sex and hepatic lipidosis status, using statistical 
software (R, version 4.0.3, R foundation for statistical computing, Vienna, Austria),326 
into 2 treatment groups of 6 individuals: a control group which received the base used to 
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compound the medication (equivalent volume to mg/kg dose) and a treatment group 
that received 6mg/kg of gemfibrozil (Teva-Gemfibrozil, 600mg tablet, Teva Canada 
Limited, Toronto, ON, Canada) orally once a day in the morning. The dose of gemfibrozil 
was obtained by allometric scaling based on the known safety of the drug in a wide 
variety of animals. The clinical trial was performed over two months, with missed 
weekends for the first month due to a communication error with staff. Treatment 
administration was blinded. The gemfibrozil was compounded from commercial tablets 
into an oral aqueous suspension at 12mg/ml. One tablet was dissolved into 25ml of 
distilled water and then mixed into 25ml of a suspending vehicle (ORA-Plus, Perrigo, 
Brooklyn, NY, USA) before each administration. Gemfibrozil has an aqueous solubility 
of up to 10mg/ml (PubChem CID 3463) and it is readily solubilized at the proposed 
concentration. Bearded dragons were evaluated daily by a blinded observer for side-
effects such as reduced appetite and activity, and their food intake and weight were 
recorded. Husbandry and diet were continued as previously described and if the 
animals were noted to be anorexic or losing weight, a physical examination was 
completed and they were syringe fed once every 3 days. Subcutaneous fluids (10 
ml/kg) and enemas (3% of body weight; 50:50 water: lubricating jelly [Muko]) were given 
on an as-needed basis. Bearded dragons would be removed from the gemfibrozil trial if 
they stopped eating for more than a week, if they showed gastrointestinal signs such as 
diarrhea, or if they became lethargic. 

Following two months of treatment, the bearded dragons were fasted for 24 
hours prior to blood collection (1.0ml from the caudal tail vein) for a hepatic biochemistry 
panel including BHBA and a metabolomics panel in a similar manner to pre-treatment 
sampling. CT scans, ultrasound, and celioscopic guided liver biopsies were also 
performed in the same manner as the initial diagnostics (Appendix B, Figure B.3). While 
under isoflurane anesthesia, two male and two female bearded dragons were humanely 
euthanized with 1.0ml of potassium chloride into the caudal tail vein following sample 
collection due to the diagnosis of moderate to severe hepatic lipidosis on initial 
diagnostics. Celioscopic biopsies were fixed, submitted, stained, and graded as 
previously outlined (Appendix B, Figure B.4). CT and ultrasound images were also 
evaluated as previously described. All data were compared between the two groups as 
well as with their baseline data. 

5.3.8 Statistical analysis- general  

For the analysis, hepatic lipidosis severity classification was simplified to a binary 
outcome variable with “non-lipidotic to mild” and “moderate to severe” values based on 
a partially validated histopathology grading system (Chapter 2). The class of “moderate 
to severe” was considered to be most likely to lead to clinical signs. 
Diagnostic imaging data were compared between the 2 simplified classes using t-tests 
or Mann-Whitney U test if not normally distributed or with a heterogeneous variance. 
The diagnostic utility was assessed using receiver operating characteristic (ROC) curve 
analysis with area under the curve (AUC) to determine accuracy (1 being 100% 
accurate) and optimal cut-off for maximize sensitivity and specificity. 
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The association between the amount of fat in the liver biopsy assessed by digital 
image analysis and CT liver density, assessed in HU, was investigated using a linear 
regression analysis. Assumptions were assessed on residual plots and residual 
diagnostics. 
 

Agreement between the subjective image (celioscopy and ultrasound) evaluation 
of the liver and severity on histopathology (reduced to two severity classes) was 
evaluated by calculating the percentage of agreement. 
 

An alpha of 0.05 was used for statistical significance. Statistical software was 
used for the analysis and development of graphs (R, version 4.0.3, R foundation for 
statistical computing, Vienna, Austria).326 

 

5.3.9 Statistical analysis- biochemistry and metabolomics data  

Metabolites quantified by mass spectrometry, analytes quantified by the clinical 
analyzer, and analytes on the advanced lipoprotein panels were analyzed together with 
multivariate statistics. The statistical strategy followed a standard statistical workflow 
recommended in metabolomics data.12 Data were first filtered to remove non-
informative variables and to increase the statistical power. Variables with a constant or 
single value across all samples, variables with more than two missing values, and 
variables with values above or below the quantification limits were removed. A total of 
238/687 (34.6%) variables were retained for multivariate analysis. Data were then log-
transformed and mean-centered for variables to be comparable. 
 

Differences in each analyte between simplified disease severity were then 
assessed using serial t-tests with an alpha of 0.05 (p<0.05) and a false discovery rate of 
0.05 (q<0.05) for significance. Clustering was investigated using principal component 
analysis to detect metabolomic signatures of simplified disease severity classification 
using an unsupervised technique. Clustering was further investigated using a 
supervised classifying multivariate tool for high-dimensional data: sparse partial least 
squares- discriminant analysis (sPLS-DA) initially using the 10 most important variables. 
Loading plots were inspected to detect important metabolites for classification. A 
heatmap with hierarchical clustering was also generated for data exploration using the 
75 most important analytes based on t-test p-values on normalized data. 
 

Biomarker analysis was also performed. Raw values were used instead of 
normalized values. Univariate ROC curve analyses were performed and diagnostic 
accuracy of biomarkers was ranked based on the AUC (1 being 100% accurate). For 
selected variables, the optimal cut-off to maximize sensitivity and specificity were also 
obtained. R (version 4.0.3)326 and metabolomic analysis software (MetaboAnalyst 5.0, 
Xia Lab, Montreal, QB, Canada)66 was used for statistical analysis and development of 
graphs. 
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5.3.10 Statistical analysis- gemfibrozil trial  

For data obtained after two months of gemfibrozil therapy, only specific variables 
of interest were investigated as directed by prior analysis to increase statistical power. 
Advanced lipoprotein profiling was not repeated post-gemfibrozil treatment; the effect of 
gemfibrozil on these variables was thus not investigated. Linear mixed models were 
performed with the histopathological grade, time (baseline and at the completion of 
treatment), and treatment (control, gemfibrozil). The interactions were treated as fixed 
effects and individual bearded dragons were treated as the random effect in these 
models. Assumptions of normality and homoscedasticity were checked on residual 
plots.  
 

An alpha of 0.05 was used for significance. R (version 40.3) was used for 
statistical analysis and the development of graphs.326 

 

5.4 Results 

5.4.1 Animals  

Bearded dragons had a mean ± standard deviation weight of 303.3 ± 166g with 
animals having non-lipidosis-to-mild hepatic lipidosis weighing significantly less 
(p<0.001, t-test) at 150.0 ± 49.8g than animals having moderate-to-severe lesions at 
434.7 ± 97.2g. 

5.4.2 Histology of hepatic biopsies  

Following evaluation of the histopathology slides, a female bearded dragon was 
excluded from the study due to severe hepatic amyloidosis (Congo red stain) and 
atrophied hepatocytes, without hepatic lipidosis.  

A total of 6 males and 7 females met the final inclusion and exclusion criteria for 
this study. There were 2 cases without hepatic lipidosis, 4 mild, 5 moderate, and 2 
severe cases of hepatic lipidosis. The scores were aggregated into two categories and 
out of 13 bearded dragons, 6 dragons (3 males and 3 females) had non-lipidosis-to-mild 
hepatic lipidosis on histopathology and 7 dragons (3 males and 4 females) had 
moderate-to-severe hepatic lipidosis. 

5.4.3 Diagnostic imaging  

The hepatic density measured by HU was significantly lower in moderate-to-
severe hepatic lipidosis than in non-lipidotic-to-mild hepatic lipidosis in these bearded 
dragons (p=0.003) (Figure 5.1). Receiver operating characteristic curve analysis 
showed an AUC of 0.93 with an optimal cut-off of 21HU for a sensitivity of 86% and 
specificity of 100% (Figure 5.2). The CT HU was linearly associated with hepatic fat 
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content. With each 10% increase in hepatic fat on ImageJ284 there was a corresponding 
decrease of mean ± standard error of the mean of 4 ± 1 in hepatic HU (Figure 5.3) 
(R2=0.63, p=0.001). 
 

The diagnostic usefulness of ultrasound was assessed similarly. The hepatic/fat 
pad echogenicity ratio (determined by pixel intensity) was not significantly different 
between the 2 simplified severity classes of hepatic lipidosis in these bearded dragons 
(p=0.063) (Figure 5.4). The liver had a tendency to increase in echogenicity when 
compared to the fat pads, but it was not significant. The ROC AUC was 0.69.  

 
There was a 71% agreement between celioscopic image severity classification 

and histopathology severity classification and a 54% agreement between ultrasound 
images severity classification and histopathology severity classification when using the 
simplified form. 

 

 

Figure 5.1 CT images (dorsal multi-planar reconstruction) of the liver of bearded dragons (Pogona 
vitticeps) with different severity of hepatic lipidosis. A) non-lipidosis, 48HU. B) Mild lipidosis, 7HU. C) 
Severe lipidosis, -36HU. 
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Figure 5.2 Box plot with superimposed dot plot of hepatic CT HU across two simplified severity classes of 
hepatic lipidosis in bearded dragons (Pogona vitticeps). The dotted red line represents a cut-off value of 
21HU determined on ROC analysis. 

 

 

Figure 5.3 Scatterplot of liver fat content measured by digital analysis as a function of CT HU in bearded 
dragons (Pogona vitticeps). The blue line represents the regression line and the shading the 95% 
confidence interval. 
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Figure 5.4 Box plot with superimposed dot plot of hepatic to fat pad echogenicity ratio on ultrasound 
across two simplified severity classes of hepatic lipidosis in bearded dragons (Pogona vitticeps). 

 

5.4.4 Biochemistry, lipoprotein profile, and metabolomics  

On serial t-tests when adjusting for a false discovery rate of 0.05, only 1 
metabolite was found to be statistically significant. Beta-hydroxybutyric acid was 
significantly lower in bearded dragons with moderate-to-severe disease (p<0.001, 
q=0.037) (Figure 5.5). Disease stages did not cluster well on principal component 
analysis, but they were well clustered on sPLS-DA (Figure 5.6). The sPLS-DA model 
explained 25.9% of the variance. Using loading plots for the first component (Figure 
5.6), the most important discriminating variables between disease severity were BHBA 
and succinic acid. Several other variables also significantly contributed to the 
classification, but in a lesser measure and included mainly lipids, especially related to 
triacylglycerol metabolism such as chylomicron subtypes, chylomicron particle number, 
large very-low density lipoprotein (VLDL)1, triacylglycerol (TG) 16:0_36:2, and 
phosphatidylcholine (PC) 28:1.  
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Figure 5.5 Box plot with superimposed dot plot of BHBA across two simplified severity classes of hepatic 
lipidosis in bearded dragons (Pogona vitticeps). The dotted red line represents a cut-off value of 
272umol/L determined on ROC analysis. 

 

 

Figure 5.6 Score plot of sPLS-DA analysis of metabolomics, lipidomics, and biochemistry data between 
the 2 first principal components in bearded dragons with 2 simplified severity classes of hepatic lipidosis 
in bearded dragons (Pogona vitticeps). The right panel shows the loadings plot for the first component 
showing the most important variables for classification.  

 
The heatmap also suggested different metabolomic and biochemical signatures 

between disease stages (Figure 5.7). A few metabolites including BHBA, carnitine, 
lysine, and some lipids such as total cholesterol, non-HDL, short-chain acyl-carnitines, 
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NEFA, and others were found to be in lower plasma concentrations in more severe 
disease. Conversely, metabolites mainly dominated by lipids (especially triglycerides 
with 52 carbons in the acyl chains [C52], lipoprotein particle numbers, and many 
lipoprotein subtypes) and other metabolites such as succinic acid, free glycerol, lactic 
acid, and a hepatic marker ALT, were found to be in higher plasma concentrations in 
more severe disease. Figure 5.8 shows side-by-side box plots of metabolites of interest 
shown to be important in the pathophysiology of hepatic lipidosis in various 
species.59,88,95,134,170,175,209,210,219,234,252, 254,259,274,297,318 These were not statistically 
significant on serial t-tests. 

 

 

Figure 5.7 Heatmap showing clustering of metabolites and biochemical analytes between simplified 
severity classes of hepatic lipidosis in bearded dragons (Pogona vitticeps). A clustering dendrogram is 
also present on the left; the different bearded dragons are on the x-axis and the analytes on the y-axis. 
Only the 75 most important analytes based on their t-test p-values are displayed. It should be noted that 
most of these analytes did not show significant differences between disease stages on univariate analysis 
with a false discovery rate of 0.05. Color coding represents fold changes on normalized plasma 
concentrations. 
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Figure 5.8 Side-by-side box plots with superimposed dot plots of selected variables across two simplified 
severity classes of hepatic lipidosis in bearded dragons (Pogona vitticeps). These variables were not 
statistically significant after correcting for false discovery, but interesting trends can be observed.  

 
Regarding biomarker analysis, on univariate ROC curve analysis, BHBA and 

succinic acid were found to be the best biomarkers with a similar AUC of 0.98. In this 
cohort of bearded dragons, a BHBA lower than 272umol/L or a succinic acid higher than 
13.7umol/L gave a sensitivity of 86% and a specificity of 100%.  

5.4.5 Gemfibrozil trial- animals  

There were no significant adverse effects- weight loss, anorexia, diarrhea- during 
the gemfibrozil trial, though many bearded dragons had fluctuations in their weight 
throughout the study. One male bearded dragon from the control group was diagnosed 
with ulcerative cloacitis near the end of the study period and was humanely euthanized 
following sample collection. This bearded dragon was not excluded from the study as 
this illness developed at the end of the treatment period.  
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5.4.6 Gemfibrozil trial- histology of hepatic biopsies  

Among the cases that were classified as non-lipidotic to mild prior to the 
treatment trial, the control group had 2 cases that progressed in final score, with 1 
moving from mild to moderate severity, and 1 case that improved by a single point. The 
gemfibrozil group had 1 case progress from non-lipidosis to mild and another case that 
remained unchanged. Among cases that were classified as moderate to severe prior to 
the treatment trial, the control group had 1 case progress by a single point, 2 cases 
improve by a single point while the gemfibrozil group had 2 cases improve in final score 
and class, and 2 cases remained unchanged.  

5.4.7 Gemfibrozil trial- efficacy  

There was a significant effect of gemfibrozil on succinic acid plasma 
concentrations between treatment groups (p=0.014). While succinic acid significantly 
increased over time in the control group (p=0.015), it did not in the gemfibrozil group 
(p=0.24), controlling for lesion severity. There was no effect of treatment on the other 
tested outcome variables [BHBA (p=0.95), triglycerides (p=0.97), CT HU (p=0.31), fat 
percentage on digital image analysis (p=0.26)] controlling for lesion severity. While 
effects other than succinic acid were not significant, trends were seen on graphs. 
Animals tended to get more severe hepatic lipidosis over time with an associated 
decrease in BHBA and an increase in triglycerides in the non-lipidosis to mild severity 
class (Figure 5.9). Gemfibrozil did not seem to prevent the progression of hepatic 
lipidosis in this severity class; however, there was a tendency in animals in the 
moderate-to-severe severity class to improve their biomarker profile (increase BHBA, 
decrease succinic acid, stabilize triglycerides) and decrease the amount of fat in their 
liver (lower fat percentage on digital image analysis and higher CT HU) (Figure 5.9). 
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Figure 5.9 Side-by-side box plots with superimposed dot plots of selected variables across two simplified 
severity classes of hepatic lipidosis in bearded dragons (Pogona vitticeps) with and without gemfibrozil 
treatment. There was a significant effect of gemfibrozil on succinic acid. While succinic acid significantly 
increased over time in the control group, it did not with gemfibrozil treatment. The remainder of the 
variables were not statistically significant but did show interesting trends. The red boxplots represent 
baseline and the teal after a 2-month treatment trial with gemfibrozil. 
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5.5 Discussion  

This report provides strong evidence for the use of CT in the diagnosis of hepatic 
lipidosis in bearded dragons and identifies potential non-invasive biomarkers for the 
disease. It also provides preliminary data for further investigation of the efficacy of 
gemfibrozil for the treatment of hepatic lipidosis in this species. CT was highly accurate 
(AUC of 0.93 with a HU of 21 or less) in the diagnosis of moderate to severe hepatic 
lipidosis. Hepatic density, based on HU, was also found to be linearly associated with 
hepatic fat, assessed by image analysis of histology slides; with every 10% increase in 
fat corresponding to an approximate decrease of 4HU. Ultrasonography and 
examination of celioscopic images were not found to be sensitive enough to diagnose 
most cases. Only 1 metabolite, BHBA, was found to be statistically significant in 
differentiating non-lipidosis-to-mild lipidosis from moderate-to-severe lipidosis; and was 
significantly lower in bearded dragons with moderate to severe disease. This biomarker 
performed better (AUC 0.98) than CT in discriminating hepatic lipidosis on fasted 
bearded dragons and is an inexpensive test. Succinic acid, another biomarker for 
hepatic lipidosis, was also found to be promising and was an important variable in the 
sPLS-DA model. Hepatic lipidosis should be a differential diagnosis in bearded dragons 
with plasma BHBA lower than 272umol/L or succinic acid higher than 13.7umol/L. 
Gemfibrozil had a significant effect on succinic acid, by preventing its elevation in the 
treatment group, but was not found to be an effective treatment for hepatic lipidosis at 
the dose and frequency used, though animals that had moderate to severe disease 
showed improvement in their biomarkers and reduced the amount of fat in their liver.  

The results indicate that bearded dragons with moderate to severe hepatic 
lipidosis weighed significantly more than those with none to mild disease. This weight 
distribution likely had to do with the age of the animals, as the majority of the bearded 
dragons that weighed less were smaller and approximately one year of age, while the 
larger bearded dragons that weighed more were between 2-4 years of age. Since the 
prevalence of hepatic lipidosis is known to increase with age (Chapter 3), this likely 
explains the distribution of disease. Only bearded dragons with spontaneous disease 
were included in this study and so randomization could not be performed to account for 
age and weight as confounder variables.  

To date, liver histopathology remains the gold standard for diagnosing hepatic 
lipidosis in veterinary and human medicine.61,81,282,309,348 Magnetic resonance imaging 
and magnetic resonance spectroscopy are considered the most sensitive non-invasive 
diagnostic modality in humans,34 but is seldom pursued in reptiles due to cost and 
length of anesthesia for imaging.81,309 On the other hand, non-contrast-enhanced CT-
scans have proven to be a reliable method of determining hepatic fat content in humans 
in the diagnosis of hepatic steatosis.261,273 In cats, where this disease process has been 
well studied, non-contrast CT has demonstrated varying results as it was diagnostic in 
experimentally induced hepatic lipidosis but was not accurate in diagnosing naturally 
occurring hepatic lipidosis.194,247 Contrast-enhanced CT has been studied in various 
species, including captive green iguanas (Iguana iguana) and red-eared sliders 
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(Trachemys scripta elegans), and was useful to study liver hemodynamics but was not 
reliable to detect hepatic steatosis as contrast was noted to interfere with attenuation of 
the liver depending on the concentration and volume of the contrast agent, rate of 
administration, and the time to imaging post-injection.1,171,248,313 

This study indicates that non-contrast CT accurately predicts the amount of fat in 
the liver of bearded dragons as there was only a single case that was misdiagnosed 
when correlated with histopathology. Increased sample size would allow for a more 
precise determination of the sensitivity of this diagnostic test. It is important to note that 
CT does not account for fibrosis and attenuation should be interpreted in this context as 
the severity of cases with significant fibrosis may be under-reported.  

Although CT has not been used to extensively study reptile livers, it has been 
used to determine the mean liver density in apparently healthy Hermann’s tortoises 

(Testudo hermanni) (50-70HU), juvenile green sea turtles (Chelodina mydas) (60.09  

5.3HU), red-eared sliders (55.78  11.66HU), Blanding’s turtles (Emydoidea blandingii) 

(97.5 HU  9.6HU), green iguanas (77.30  6.2HU), and free-ranging boa constrictors 

(Boa constrictor) (61.76  7.11HU).35,141,183,248,313,315 In comparison, the mean (SD) HU 

in this cohort of bearded dragons with none to mild lipidosis lesions was 44.03  
11.21HU. This value may be artificially lowered due to the inclusion of mild cases. 
Studies correlating histological hepatic fat content with hepatic density on CT in 

testudines concluded that liver density values greater than 55  11HU were within 
normal limits, while values between 15-40HU were indicative of hepatic lipidosis with 
values less than 20HU, correlating with severe hepatic lipidosis.132,140,215 The cut-off for 
severe hepatic lipidosis in testudines was consistent with our cut-off for moderate to 
severe disease. Additional studies have reported hepatic lipidosis in chelonians and a 
tiger salamander (Ambystoma tigrinum) based on values below 21HU.69,183,215 Initial 

stages of hepatic lipidosis have also been reported in captive boa constrictors (48.78  
6.57HU) in comparison to values in free-ranging boa constrictors.315 However, none of 
these cases were confirmed with histopathology. In mammals, the threshold for 
moderate to severe hepatic lipidosis is lower. Humans with hepatic attenuation of less 
than 48HU are considered to have moderate to severe disease and cats with 
experimentally induced disease or clinical cases with intermediate to high risk of hepatic 
lipidosis attenuated between 46.8 to 48.6HU.194,247,273  

Subjective image evaluation, whether ultrasonographic or celioscopic, was 
unreliable in determining the severity of hepatic lipidosis. The liver of healthy bearded 
dragons can have variable echogenicity on ultrasound though the majority are 
hypoechoic to the fat pads and have a coarse echotexture.45,341 In healthy chameleons 
(Chamaeleo calyptratus, Furcifer pardalis), the liver was found to be isoechoic to the 
adjacent fat bodies.230 Though hyperechogenicity of the liver has been described for 
hepatic lipidosis in reptiles,155 the comparison of the liver to fat pad echogenicity using 
pixel intensity was not a good classifier between disease severity. These results did 
trend in the right direction with the hepatic echogenicity increasing in comparison to the 
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fat pads with the severity of hepatic lipidosis, consistent with increased fat in the liver. 
Absolute echogenicity of the liver was not evaluated as ultrasonographers generally use 
a reference organ to determine echogenicity as this can change based on multiple 
factors.163 In people, this imaging modality has been shown to have a high observer 
variability and low specificity.34,323 In cats, ultrasonography is used to demonstrate an 
enlarged and diffusely hyperechoic liver when compared to falciform fat in healthy, 
obese cats.197,250 It has also been noted to detect the hyperechoic nature of severe 
hepatic lipidosis,81,309 but its sensitivity to determine subtle changes is limited.80 In cats, 
ultrasound-guided liver aspirates from different sites are collected for cytology and a 

definitive diagnosis is made when 80% of hepatocytes contain cytosolic fat vacuoles.58 

Plasma biochemistry values are routinely evaluated as non-invasive biomarkers 
for hepatic lipidosis in human and veterinary medicine. However, these values are very 
insensitive to screen for this disorder and although liver analyte changes in association 
with hepatic lipidosis have been discussed in the literature,4,151,183,186,223,309,312 these 
values are generally within normal limits unless the disease is severe.61,91,212,217,221,272 In 
addition, reptile liver function tests have not been validated91,221 and pre and post-
prandial bile acid measurements in red-eared sliders and green iguanas have produced 
inconsistent results.187,224 The results of this study confirmed that hepatocellular 
enzymes and bile acids did not significantly change with moderate to severe histologic 
hepatic lipidosis, except for a non-significant increase in ALT seen on the heatmap. In 
bearded dragons, alterations in hepatic enzymes may not occur as cellular inflammation 
and necrosis does not seem to be a common feature of hepatic lipidosis (Chapter 2). 
Other tests available from most veterinary diagnostic laboratories concerning lipid 
metabolism are seldom used in the bearded dragons. These tests include NEFA, 
ketones including BHBA, and lipoproteins. 

Of the analytes evaluated in this study, BHBA was found to be the best 
biomarker on multivariate analysis and the only statistically significant variable. This 
biomarker had a higher accuracy than CT to discriminate non-lipidotic-to-mild hepatic 
lipidosis from moderate-to-severe hepatic lipidosis and is a fairly inexpensive test. Beta-
hydroxybutyric acid is the main ketone acid produced by reptiles and is a by-product of 
fatty acid oxidation and ketogenesis.277 Moderate to severe histologic classifications of 
hepatic lipidosis generally have some component of microanatomy disruption or cellular 
ballooning from triacylglycerol accumulation, and this disruption is suspected to be the 
inciting cause of metabolic and clinical disease (Chapter 2). Two mechanisms of action 
can be considered for reduced BHBA. First, disruption of cellular function from 
triacylglycerol accumulation can result in mitochondrial damage or toxicity218 resulting in 
impaired fatty acid oxidation and ketogenesis.109 In humans, impaired ketogenesis is a 
hallmark of hepatic steatosis and the same may be true in bearded dragons.109 Second, 

a reduction in lipolysis for mobilization of NEFAs to the liver for -oxidation can be 
considered. These NEFAs tended to be lower in bearded dragons with moderate to 
severe disease. Though studies in other reptiles have demonstrated that plasma NEFA 
values were unchanged and levels of BHBA were decreased in long-term fasted and 
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starving states, it was thought to be due to a physiological reduction in 
metabolism.172,226,227,258,276,308 Since BHBA may be affected by fasting leading to 
increased fatty acid oxidation and ketogenesis, it should be performed on a fasted 
animal to be comparable to our results.  

Due to the non-specific nature of biochemistry results, and to elucidate the 
pathophysiology of hepatic lipidosis, a more comprehensive evaluation of the 
metabolome was pursued using plasma metabolomics. Metabolomics explores 
hundreds of metabolites with a minute amount of plasma. It evaluates many lipids and 
small metabolites including- ceramides, acyl-carnitines, cholesterol, triglycerides, 
biosynthetic intermediates (lysophosphatidylcholine, lysophosphatidylethanolamine, and 
others) for lipids, free glycerol, carnitine, methionine, and choline- which have been 
implicated in the pathophysiology of hepatic lipidosis or as biomarkers in various 
species.59,88,95,170,175,210,219,252,254,259,274  

A biomarker of importance was detected in the metabolomics approach in this 
study- succinic acid. Based on the current study, succinic acid discriminates well 
between hepatic lipidosis severity in bearded dragons and was also the only parameter 
positively and significantly affected by the gemfibrozil therapy. Succinic acid is a key 

component of the tricarboxylic acid (TCA) cycle and is also the end-product of -
oxidation of fatty acids which occurs in the endoplasmic reticulum. The TCA cycle is 
altered in people with non-alcoholic fatty liver disease (NAFLD) and succinic acid seems 
to be the cycle intermediate that is most sensitive to buildup.299,310,324 Mitochondrial 
damage from triacylglycerol accumulation may result in TCA cycle impairment in 

bearded dragons causing the build-up of succinic acid. In people, -oxidation is 

considered to be a rescue pathway for fatty acid oxidation when -oxidation fails.345 

Therefore, it is possible that -oxidation was upregulated in bearded dragons with 
mitochondrial dysfunction or damage from triacylglycerol accumulation leading to 

reduced -oxidation. The decrease in ketogenesis may also be associated with an 
upregulation of the TCA cycle to metabolize the acetyl coenzyme A derived from β-
oxidation that would normally serve to produce ketones, thus increasing succinic 
acid.109 Elevated levels of succinic acid with reduced levels of BHBA were found to be 
highly accurate in the diagnosis of moderate to severe hepatic lipidosis and should be 
considered biomarkers of choice for further evaluation in a new cohort of bearded 
dragons. Other potential biomarkers detected on the sPLS-DA model include 
TG16:0_36:2, and PC28:1. Various TGs and PCs have also been found as potential 
biomarkers in human studies.88,175,218  

While other metabolites were not specifically identified on the multivariate 
analysis as potential importance, their differential abundance across hepatic lipidosis 
severity in bearded dragons may still shed some light on potential pathophysiological 
aspects.  
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Carnitine is the main transporter of fatty acids into the mitochondria in the form of 
acylcarnitines to undergo fatty acid oxidation.202 Carnitine deficiency and alteration in 
the carnitine cycle has been suggested as contributing factor to hepatic lipidosis in 
cats.202,259,334 Carnitine and several short-chained acylcarnitines were found to be in 
lower plasma concentrations in bearded dragons with severe hepatic lipidosis. This 
disruption of the carnitine cycle may be both a cause (nutritional deficiency) or a 

consequence of an altered -oxidation.  

Trends were also seen in the glycerophospholipids and their precursors in the 
moderate to severe hepatic lipidosis group. As the levels of PCs (PC28:1) reduced, 
levels of lysophosphatidylcholine (LysoPCs) the monoacyl form of PCs, increased. PCs, 
abundant phospholipids in mammals and reptiles,65,236 play an essential role in 
membrane stabilization and the secretion of lipoproteins.166 These glycerophospholipids 
have been implicated in the pathogenesis of hepatic lipidosis in mammals as reduced 
levels result in impaired VLDL secretion from the liver resulting in hepatic accumulation 
of triacylglycerols.88,167,342 In addition, low levels of PCs are known to upregulate hepatic 
lipogenesis, furthering lipid accumulation in hepatocytes, and have been correlated with 
increasing ballooning grade in NAFLD.254,343 The accumulation of LysoPCs is possibly 
due to the reduction of their acylation thereby reducing the number of PCs available. 
Increased levels of LysoPCs downregulate genes involved in fatty acid oxidation and 
can compromise mitochondrial integrity.159  
 

The triglycerides with 52 carbons (C52) in the acyl chains (especially 
TG16:0_36:2) tended to be higher in bearded dragons with moderate-to-severe hepatic 
lipidosis. In people, an increase in saturated triglycerides is a marker of hepatic lipidosis 
and the elevation is thought to occur through de novo lipogenesis, as the primary 
products of this process are saturated fatty acids.5 Palmitic acid (C16:0) in particular, is 
a potent mediator of lipotoxicity.153 These saturated triacylglycerols are known to have a 
negative effect on mitochondrial metabolism.5,199 In addition, in people, elevations in 
TG52:3 are associated with steatosis and steatohepatitis.5 A similar process with similar 
implications could be occurring in the bearded dragons in this study. However, fatty acid 
metabolism and regulation is likely different in reptiles and the composition of fatty acids 
is temperature dependent with a tendency to have more saturated fatty acids in the liver 
as the thermal gradient increases.127,233,302,303 Serum or plasma triglycerides are 
reported to be elevated in reptiles during pre-brumation, vitellogenesis, follicular stasis, 
and hepatic lipidosis.81,91,165,221 Studies on Whiptail lizards (Cnemidophorus tigris) prior 
to brumation demonstrated a different fatty acid profile to the bearded dragons with 
moderate-to-severe disease in this study, as the main hepatic fatty acids were 
unsaturated fatty acids -oleic and linolenic acid.39 This may be a vital difference 
between physiological and pathological fat accumulation in reptiles and further 
investigation is warranted. Another factor to consider in the evaluation of triacylglycerols 
is the process of vitellogenesis in female bearded dragons. Only one female bearded 
dragon with moderate-to-severe disease had active follicles during the diagnostic 
sampling and so this pathophysiology was not considered to significant in this study. 
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Ceramides are simple sphingolipids that are important for the structural component 

of the cell membrane.146 Plasma elevations in people have been correlated with the 
progression of hepatic steatosis which has resulted in the development of routine 
ceramides testing.134,252 Ceramides are thought to decrease insulin sensitivity, increase 
the production of cytokines involved in inflammation, and increase oxidative stress and 
mitochondrial dysfunction.158 Ceramides were not elevated in the more severely affected 
bearded dragons which may be a reason why inflammation does not seem to be an 
obvious component of their hepatic lipidosis (Chapter 2).   
 

On various analyses of bearded dragons with moderate-to-severe hepatic 
lipidosis, there was the downward trend of total cholesterol and non-HDL cholesterol. 
However, in mammals and birds with dyslipidemia and hepatic lipidosis, total cholesterol 
levels become elevated and changes in lipoprotein fractions towards lower density 
lipoproteins are noted.23,176,220,311 The reduction in non-HDL cholesterol seen in bearded 
dragons in this study may be linked to the presumed reduction of VLDL export from the 
hepatocytes with hepatic lipidosis. However, the altered transport of triacylglycerol to 
and from the liver is not clear as bearded dragons with more severe hepatic lipidosis 
had increased chylomicron subtypes and particle numbers as well as increased large 
VLDLs in their serum. These elevations could represent a reduction, delay, or saturation 
in hepatic absorption of enteromicron reminants277 following food ingestion. Export of 
large VLDLs from the liver in these bearded dragons could also be possible as 
demonstrated in people with non-M subtype (specific metabolomic signature) of 
NAFLD.219

 The lipoprotein particle number and subtype is a more accurate 
representation of the lipoproteins than the cholesterol content. Their elevation could 
indicate that the reduction of the total cholesterol and non-HDL cholesterol is erroneous 
and that the transport of VLDLs from the liver is not reduced, making the pathogenesis 
of hepatic lipidosis dissimilar from people. Cats with hepatic lipidosis had conflicting 
results for plasma triglyceride and VLDL levels.31,42,191,333 Some authors postulated that 
these inconsistencies were secondary to the short half-life of VLDL and the timeline of 
sampling, as VLDLs and triglycerides may increase early in the disease and then 
decrease as the disease progresses.235,333  
 

Free glycerol increased in bearded dragons with moderate to severe disease and 
was likely due to reduced gluconeogenesis as suggested in people with NAFLD.170  
Lastly, though not statistically significant, markers of hepatic damage and dysfunction 
including ALT, and lactic acid had an upwards trend in bearded dragons with moderate-
to-severe hepatic lipidosis. These bearded dragons likely had a component of 
hepatocyte damage and dysfunction with disease progression, though it seems 
progression would have to be significant before a marked elevation. The excluded 
bearded dragon with hepatic amyloidosis had severely elevated ALT levels with other 
liver parameters being normal. It is noteworthy that bile acids were not useful to 
diagnose hepatic lipidosis in these bearded dragons, despite being advocated as a 
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sensitive and specific liver parameter on biochemistry profiles. Further investigation into 
the usefulness of plasma ALT in bearded dragon hepatic diseases is warranted. 
 

The abnormal fatty acid/ketone metabolism occurring in bearded dragons has a 
different pathogenesis than what is reported in cats where an acute syndrome occurs 
secondary to anorexia resulting in peripheral lipolysis and a high hepatic influx of NEFA 

which exceeds the liver’s maximum rate of fatty-acid -oxidation.58,128,333 Increased 

hepatic -oxidation results in a marked elevation of BHBA, which has been suggested 
as a feline hepatic lipidosis biomarker.14,333 In bearded dragons, this process does not 
seem to be related to anorexia. Instead, there is likely a physiological but progressive 
accumulation of triacylglycerols in the liver for various reasons such as preparation for 
vitellogenesis or brumation,39 or in response to nutritional factors such as excess 
carbohydrates and fat. High sugar diets, even if isocaloric, have been shown to increase 
the levels of triacylglycerol, acylcarnitine, and downregulate genes involved in fatty acid 
oxidation in rats.259 If bearded dragons fail to metabolize these stored triacylglycerols 
from lack of reproduction, brumation,52 or activity, a pathological process may begin to 
occur. Hepatic lipidosis in bearded dragons seems to be associated with an increase in 
triglycerides, triglyceride-rich lipoproteins (including chylomicrons and large VLDLs), 
free glycerol, and lysoPC. Carnitine, short-chain acylcarnitines, PC, NEFA, BHBA, 
lysine, total cholesterol and non-HDL trend downwards. Together these changes 
indicate that there is an alteration of fatty acid metabolism with a decrease in lipolysis 
markers, decreased hepatic uptake of dietary lipoproteins, and a decrease in 

metabolites that transport fatty acids to the mitochondria, resulting in a decrease of -
oxidation and/or alteration of acetyl coenzyme A disposal pathways. Inhibition of this 
pathway results in a buildup of glycerophospholipids in the plasma and possible 

upregulation of other pathways such as fatty acid -oxidation and the TCA cycle. As 
liver function decreases, markers of liver injury such as ALT and lactic acid tend to 
increase. 

Gemfibrozil, a drug that strongly promotes fatty acid oxidation in the liver, was 
selected to help reverse the metabolic state of hepatic lipidosis ultimately leading to a 
decrease in hepatic triacylglycerol concentration.112,142,174,178 This medication has been 
studied in avian species demonstrating significant effects on triacylglycerol 
concentrations and has been shown to decrease the average lipoprotein density.46,95,277 
Pharmacokinetic data in bearded dragons is lacking and so a dose was extrapolated 
based on allometric scaling. While the safety of gemfibrozil is unknown in bearded 
dragons, it is considered to be an extremely safe drug with an LD50 of 2218 mg/kg in 
mice and overdoses of more than 100 times the therapeutic dose not resulting in lasting 
effects in humans.55  

In the pharmacodynamic study of gemfibrozil’s effect on hepatic lipidosis, there 
was a significant effect of treatment as succinic acid significantly increased in the 
control group over time while it did not in the treatment group. Even with this effect, 
gemfibrozil at the dose used, did not prevent the progression of hepatic lipidosis in 
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bearded dragons in the non-lipidosis-to-mild severity class. However, these results were 
likely confounded by the fact that this severity group contained all the younger animals 
who likely became mature adults over the 4.5 months between the initial diagnostics 
and post-trial diagnostics. This made the evaluation of gemfibrozil’s efficacy difficult as 
biomarkers were compared to baseline and these bearded dragons had a reduction of 
BHBA and an increase of triglycerides following sexual maturity.  

There was a tendency in animals with moderate-to-severe disease to improve their 
biomarker profile and decrease the amount of fat in the liver in the treatment group 
while the matched control group had increased fat in the liver and worsening of some 
biomarkers (increased succinic acid and triglycerides). The trend of increase in BHBA 
and stabilization of triglycerides suggests that gemfibrozil may have promoted fatty acid 
oxidation and ketogenesis in the liver which downregulated the disposal of acetyl 

coenzyme A through the TCA cycle or -oxidation. This was evident by increased 
hepatic attenuation and reduce fat percentage on digital image analysis suggesting a 
reduction of hepatic triacylglycerol. Histological evidence of improvement was only seen 
in half of the gemfibrozil cases. This is likely since more significant changes are 
required before a final score improvement using the grading system. Further studies are 
required to determine efficacy with a larger sample sizes, better control of variability 
while matching for age, or a higher dose or treatment length as reptiles are known to 
have a slower metabolism.246 

Various limitations were present in this research. Collecting surrendered animals 
for this study presents an inclusion bias as these animals were more likely to be ill or 
come from environments with poor husbandry. In addition, a homogenous population 
was not present in this study since five smaller bearded dragons were acquired from a 
breeder. This produced an uneven age and weight distribution across hepatic lipidosis 
severity classes which may have added confounding variables. However, this was the 
strategy that we elected to obtain animals with and without spontaneous hepatic 
lipidosis to perform this clinical trial and it was difficult to obtain adult bearded dragons 
in another manner. 

Dietary and husbandry recommendations from the literature were used to 
determine the husbandry plan for the bearded dragons in this study. However, many of 
these recommendations are not evidence-based and lack clarity (Chapter 4). The 
progression of lipidosis in this study population suggests further evidence-based 
recommendations on captive husbandry in bearded dragons is needed. Confounding 
factors to consider for the population is the lack of exercise during the study period and 
lack of brumation. To prevent the spread of infectious diseases, the bearded dragons 
were not provided communal areas to exercise. In addition, the physiological level of fat 
in the liver is still unknown in bearded dragons and so this progression of what is 
considered to be hepatic lipidosis may be the maturation of these bearded dragons from 
sub-adult to adult.  
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The site of hepatic biopsies was not precisely defined though all were taken from 
the margin of the left liver lobe. Therefore, a precise correlation between the histology 
sample and the attenuation measurements from the ROI could not be completed. 
Though previous evaluation of 252 histology slides indicated that the majority of 
lipidosis cases are diffuse and pan-lobular, focal infiltration could have been missed due 
to the small size of the biopsy samples (Chapter 2). 

Due to the exploratory nature of the metabolomics and lipidomics, a large number 
of variables were analyzed on a small sample size of individuals, which significantly 
reduced the statistical power of this study. These results should therefore be considered 
more useful for generating hypotheses to be further tested in prospective observational 
and experimental studies using higher sample sizes. Likewise, most of this research 
had a hypothesis-generating focus than hypothesis-driven focus.  

5.6 Conclusion  

In conclusion, this pilot study lays the groundwork for further research on biomarker 
discovery, the pathophysiology of hepatic lipidosis, and pharmacologic intervention of 
this very common disease in pet bearded dragons. Follow-up prospective studies 
controlling for age, sex, and weight, or experimental models with induced disease, are 
required to confirm and validate biomarkers in the diagnosis of hepatic lipidosis as well 
as their response to other hepatic disorders. CT is a reliable and objective measure of 
lipid vacuolization of the liver, though biopsies are still required for assessment of 
fibrosis. However, it can be used in future biomarker studies as a non-invasive 
confirmatory test for hepatocyte vacuolization and to monitor the progression or 
improvement of this disease process. Beta-hydroxybutyric acid and succinic acid are 
both promising biomarkers in the diagnosis of hepatic lipidosis, but more data is needed 
to confirm their usefulness. In clinical practice, bearded dragons need to have fasted for 
24 hours for these biomarkers to be comparable to our results as metabolite profiles are 
likely different in a fed state. In addition, these profiles may alter in anorexic animals 
who are in a catabolic state or with different environmental parameters such as their 
thermal gradient. None of the bearded dragons in this study were anorexic. While 
gemfibrozil only showed significant efficacy in one biomarker, many of the other 
biomarkers were trending in the right direction. Hepatic lipidosis is a difficult disease to 
treat and further investigations on this class of drugs are warranted with these 
encouraging, albeit modest, results. Pharmacokinetic data will also be useful to guide 
further pharmacological studies on fibrate therapy in reptiles. 
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6 Conclusions and further directions 

The objectives of this research included: developing a digital grading system for 
scoring the degree of hepatic lipidosis present in histopathological samples; determining 
the prevalence and basic epidemiological risk factors for hepatic lipidosis in pet bearded 
dragons; surveying bearded dragon owners to learn more about their feeding practices 
and supplement use; studying the plasma metabolome of clinically healthy bearded 
dragons and assessing plasma metabolomic signatures of hepatic lipidosis in bearded 
dragons; studying the biochemical and imaging diagnostic modalities (ultrasound, 
celioscopic images) between clinically healthy bearded dragons and those with 
spontaneous hepatic lipidosis; evaluating computed tomography (CT) as a diagnostic 
tool for hepatic lipidosis by comparing histopathological scores to Hounsfield units 
obtained via CT; and performing a pharmacodynamic study for the effects of gemfibrozil 
in bearded dragons with spontaneous hepatic lipidosis.  

The final grading system included 2 semi-quantitative and 1 quantitative category: 
percent of cytoplasm occupied by lipid vacuoles in hepatocytes, fibrosis, and disruption 
of hepatic cords. Hepatic cord disruption was indirectly quantified by counting the 
number of nuclei per unit area. Since the majority of the lipidotic lesions were diffuse 
and pan-lobular, these qualitative categories were not included in the grading system 
and so this grading system should only apply to lipidotic lesions with this distribution. 
There was a strong positive correlation between the estimated percentage of vesicles in 
hepatocytes and nuclear count to the measured percentage of fat in hepatocytes, as 
assessed by digital image analysis. Each category was given a numerical value ranging 
from 1 to 4, with the sum of each representing the final score. Cut-off values defined 

severity tiers into mild (final score 1-4), moderate (5-7), and severe (8). There was a 
strong inter-rater agreement for the assessment of vacuolization, fibrosis, and the final 
severity tier, but a moderate agreement for the disruption of hepatic cords parameter. 
This retrospective study of 252 bearded dragon necropsy cases proposes a grading 
system to standardize a concise and repeatable methodology, which reports the most 
characteristic morphological features of hepatic lipidosis. The cumulative score and 
severity classification reported can be useful for correlating to clinical severity as well as 
for monitoring of progression or improvement. Based on the lesions of hepatic lipidosis, 
a pathogenesis primarily involving direct lipid accumulation resulting in cellular 
ballooning (disruption of hepatic cords) and injury, resulting in impaired hepatocyte 
function and secondary fibrosis, can be considered. Additional studies are needed to 
further validate and refine this grading system as well as to correlate to clinical disease 
and prognosis. 

The retrospective study showed a high prevalence (38.3%) of hepatic lipidosis in 
pet bearded dragons presented for necropsy at the Animal Health Laboratory and the 
Zoo/Exotic Pathology Service, with a large proportion of cases presenting a severe form 
of the disease (14.5%). Variables that were significantly, but negatively, associated with 
hepatic lipidosis final score or severity classification on necropsy were infectious 
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disease and neoplasia. These variables were found to be strong negative predictors of 
this disease and authors suspect that when bearded dragons have an underlying 
disease process, they have an increased metabolism or catabolism of fat, thereby 
reducing their prevalence of hepatic lipidosis. The female sex and adult age were 
associated with a higher hepatic lipidosis final score and severity. Results suggested 
that females are mildly predisposed, likely due to the physiology of follicular 
development and vitellogenesis, and adults are predisposed, likely due to the latency 
period needed to develop the disease. Prospective data would be required to further 
evaluate these hypotheses.  

Nutritional survey analysis revealed that approximately half of the survey 
participants, especially the younger respondents, were feeding imbalanced diets with 
less than 50% plant material and more than 50% insects. Berries were the most 
common plant material offered (though in limited quantities), while superworms 
(Zophobas morio) and hornworms (Manduca sexta) were the most common larval 
insects offered, and house crickets (Acheta domesticus) were the most common adult 
insects offered. Insects were commonly gut loaded and dusted with calcium including 
vitamin D3 and multivitamins, but plant materials were not commonly dusted. Clear and 
well-researched nutritional guidelines endorsed by specialty veterinary organizations 
should be developed for owners and distributed at pet stores, rescue centers, and 
online. Veterinarians who provide consultation to bearded dragon owners need to be 
prepared to discuss nutritional practices, supplement use, water provision, and the 
current evidence-based recommendations. However, large knowledge gaps about 
nutritional requirements for bearded dragons can make this discussion challenging. 
Bearded dragons are predisposed to hepatic lipidosis and diet should be closely 
scrutinized as a risk factor. Until further evidence-based recommendations are 
available, owners should be urged to limit the amount of carbohydrates and fatty larval 
insects offered to their bearded dragons and provide diets higher in fiber and adult or 
low-fat larval insects. The ideal composition and quantity of plant and insect material 
offered (e.g. lower carbohydrate, higher fiber), and the appropriate type, amount, and 
frequency of supplementation use require further investigation. 

The pilot study for the diagnosis and treatment of hepatic lipidosis laid the 
groundwork for further research on biomarker discovery, the pathophysiology of hepatic 
lipidosis, and pharmacologic intervention of this very common disease in pet bearded 
dragons. Follow-up prospective studies controlling for age, sex, and weight, or 
experimental models with induced disease, are required to confirm and validate 
biomarkers in the diagnosis of hepatic lipidosis, as well as their response to other 
hepatic disorders. CT is a reliable and objective measure of lipid vacuolization of the 
liver, though biopsies are still required to assess fibrosis. However, CT can be used in 
future biomarker studies as a non-invasive confirmatory test for hepatocyte 
vacuolization and to monitor the progression or improvement of hepatic lipidosis. Beta-
hydroxybutyric acid and succinic acid are both promising biomarkers in the diagnosis of 
hepatic lipidosis, but more data is needed to confirm their usefulness. In clinical 
practice, bearded dragons need to fast for 24 hours for these biomarkers to be 
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comparable to our results as metabolite profiles are likely different in a fed state. In 
addition, these profiles may alter in anorexic animals who are in a catabolic state or with 
different environmental parameters such as their thermal gradient. While gemfibrozil 
only showed significant efficacy in one biomarker, succinic acid, many of the other 
biomarkers were trending in the right direction. Hepatic lipidosis is a difficult disease to 
treat and further investigation on this class of drug is warranted with these encouraging 
results. Pharmacokinetic data will also be useful to guide further pharmacological 
studies on fibrates in reptiles. 

Improving the diagnostic ability of hepatic lipidosis with better plasma biomarkers, 
along with correlating histologic disease severity with imaging findings, will lead to 
improved and earlier diagnosis of this debilitating condition. Likewise, documenting the 
effect of dietary changes and fibrate treatment on the disease severity, plasma 
biomarkers, and lipidome will offer new and more targeted treatment recommendations.  
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 Appendix A: Nutrition Survey Of Bearded Dragon Dietary Habits In 
Canada and the United States 

 

Participant Consent Form  

If you are a primary caregiver to a bearded dragon, you are invited to participate in a 
survey to better understand the dietary habits of captive bearded dragons. You are 
eligible to participate in this study if you are over 18 years of age or have guardian 
consent and reside in North America. You will be asked questions about your pet’s diet 
and general housing. If you agree to participate, an eSurvey, which will take 10-15 
minutes to complete will be distributed electronically.  

NO PERSONAL (IDENTIFYING) INFORMATION will be collected at any time during the 
survey unless you wish to be entered into a draw for a $50.00 gift card to amazon.ca. If 
you wish to be entered into the draw, you should provide an email address that will be 
used to contact you if you are a selected winner. The email address will not be linked to 
your survey response. After the draw, all email addresses will be deleted from the 
survey database. 

This survey is completely anonymous, which means that data provided by you may 
NOT be withdrawn from the research project once your completed survey is submitted. 
You may withdraw during the survey at any time by closing your browser. Please note 
that confidentiality cannot be guaranteed while data are in transit over the Internet. Non-
identifying information may be used in published materials and presentations. Please 
remember your PARTICIPATION IS VOLUNTARY, and at any time you may decide to 
skip a question. None of the questions asked in this interview are meant to suggest that 
a dietary change is needed for your pet.  

Your input will help guide research in the area of bearded dragon health and nutrition. 
Results will be published once the study is completed and will be available online on the 
OVC bulletin. There will be no direct benefit from participating in this survey. There is no 
consequence if you do not wish to participate in this survey. Please feel free to print this 
page or take a screenshot of this page for your records.  

Researcher Information:  

• Dr. Hugues Beaufrere, DVM, PhD, Dipl. ACZM, ABVP (Avian), ECZM (Avian), 
Assistant Professor in Avian and Exotic Medicine, beaufrer@uoguelph.ca  

• Dr. Sarah Abood, DVM, PhD, Assistant Professor in Clinical Nutrition, 
sabood@uoguelph.ca  

• Dr. Trinita Barboza, DVM, DVSc Student in Avian and Exotic Medicine, 
tbarboza@uoguelph.ca  
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Contact Information: tbarboza@uoguelph.ca  

This research project is supported by the Department of Clinical Studies at the 
Ontario Veterinary College.  

You are not waiving any legal claims, rights or remedies because of your 
participation in this research study. This project has been reviewed by the 
Research Ethics Board for compliance with federal guidelines for research 
involving human participants. If you have any questions regarding your rights and 
welfare as a research participant in this study (REB # 19-08-041), please contact: 
Manager, Research Ethics; University of Guelph; reb@uoguelph.ca; (519) 824-
4120 (ext. 56606).  

Click the button below if you would like to participate in this survey.  

I agree to participate 
I do not agree to participate  

Please complete one (1) survey per household. If you have several bearded 
dragons, please respond with what is the most representative answer for your 
collection.  

1. How many bearded dragons do you own? 
2. Where did you acquire your bearded dragon? 

a. Pet store 
b. Breeder 
c. Kijiji 
d. A third party (example: A shelter, a rescue, a friend, etc.)  

3. How old is your bearded dragon (x years)? Type U if unknown  
4. What is the sex of your bearded dragon? 

a. Male 
b. Female 
c. I don’t know  

5. What is the proportion of larval insects in your bearded dragon’s general diet 
(ex. mealworms, waxworms, superworms)? Please choose the closest 
category  

a. 0% 
b. 10% 
c. 25% 
d. 50% 
e. 75% 
f. 100% 

6. Please list all the larval insects offered: ______ 

mailto:reb@uoguelph.ca
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7. What is the proportion of adult insects in the general diet (ex. Crickets, 
beetles)? Please choose the closest category.  

a. 0% 
b. 10% 
c. 25% 
d. 50% 
e. 75% 
f. 100% 

8. Please list all the adult insects offered: _______ 
9. What is the proportion of greens and vegetables in your bearded dragon’s 

general diet? Please choose the closest category. 
a. 0% 
b. 10% 
c. 25% 
d. 50% 
e. 75% 
f. 100% 

10. If feeding greens and vegetables, please list the proportions and type offered 
a. Root vegetables: % _____, Type ______ 
b. Leafy greens: % _____, Type ______ 
c. Fruits: % _____, Type ______ 
d. Not applicable (if not feeding greens/ vegetables) 

11. If insects are offered, are they dusted with calcium? 
a. Yes, pure calcium powder.  
b. Yes, calcium with vitamin D3 powder.  
c. No  
d. Not applicable (if not feeding insects) 

12. If yes, what is the frequency? Please choose the closest option  
a. Daily 
b. Every other day 
c. Weekly 
d. Never  
e. Not applicable (if not feeding insects) 

13. If insects are offered, are they dusted with a multivitamin?  
a. Yes 
b. No 
c. Not applicable (if not feeding insects) 

14. If yes, what is the frequency? Please choose the closest option 
a. Daily 
b. Every other day 
c. Weekly 
d. Never  
e. Not applicable (if not feeding insects) 
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15. If insects are offered, are they gut loaded (fed a nutrient and calcium rich diet 
for at least 8 hours prior to feeding)? 

a. Yes 
b. No 
c. Not applicable (if not feeding insects) 

16. If vegetables are offered, are they dusted with calcium? 
a. Yes, pure calcium powder.  
b. Yes, calcium with vitamin D3 powder.  
c. No  
d. Not applicable (if not feeding vegetables) 

17. If yes, what is the frequency? Please choose the closest option  
a. Daily 
b. Every other day 
c. Weekly 
d. Never  

18. If vegetables are offered, are they dusted with a multivitamin? 
a. Yes 
b. No  
c. Not applicable (if not feeding vegetables) 

19. If yes, what is the frequency? Please choose the closest option  
a. Daily 
b. Every other day 
c. Weekly 
d. Never  

20. Is water always available in a bowl? 
a. Yes 
b. No 

21. Is there is UVB light? 
a. Yes 
b. No 

22. How often is the light changed (x months)? 
23. Is there direct exposure to the sun (does the bearded dragon go outside)?  

a. Yes 
b. No 

24. Has your bearded dragon ever experienced an extended period of not eating 
(anorexia for more than 1 week)? 

a. Yes 
b. No  

25. Have you ever sought veterinary care for your bearded dragon? 
a. Yes 
b. No 

26. How knowledgeable do you consider yourself in reptile captive husbandry? 
a. Novice 
b. Intermediate 
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c. Advanced 
27. What source did you consult when devising a nutrition plan for your pet 

bearded dragon? 
a. Specialized herpetologic webpages and forums 
b. Veterinarian 
c. Board-certified zoological medicine specialist veterinarian 
d. Books 
e. Scientific literature 
f. Pet store  

28. What is your gender? 
a. Male  
b. Female 
c. Other 

29. Please indicate your age category: 
a. <18 with guardian consent  
b. 18 to 29 
c. 30 to 39 
d. 40 to 49 
e. 50 to 59 
f. 60 to 69 
g. 70 or older  

30. What is the highest level of education you have completed?  
a. Some level of secondary school 
b. Secondary school diploma 
c. Some College 
d. Achieved college diploma 
e. Some university  
f. Achieved university Bachelor’s degree 
g. Advanced degree (Master’s, PhD, doctorate) 

31. What is your province/state and country? 
32. Would you like to be entered into a draw for a $50 gift card to amazon.ca? If 

yes is selected, you will be re-directed to a different survey where your 
contact information will be collected. 

a. Yes 
b. No 

THANK YOU FOR COMPLETING THIS SURVEY! 
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APPENDIX B: Descriptive data from chapter 5  

 

 

Figure B.1 CT image of a bearded dragon with the hepatic density measured in Hounsfield units (HU) 

over 3 standardized regions of interest (ROI), the approximate area of  0.05  0.001cm2, excluding blood 

vessels. The ROIs were selected from a dorsal multi-planar reconstruction view from the caudoventral 
margin of the left hepatic lobe in the region of hepatic biopsies. 
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Figure B.2 Ultrasound images from the liver lobes and coelomic fat pads with the mean pixel intensity 
measured in a maximum ROI following 8-bit greyscale conversion using ImageJ. 1) left liver lobe 2) right 
liver lobe 3) left fat pad 4) right fat pad. 
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Figure B.3 Celioscopic liver images using a 2.7mm rigid endoscope of study bearded dragons (Pogona 
vitticeps). 1) Draco* 2) Drogon* 3) Elliot* 4) Falkor 5) Figment* 6) Maleficent 7) Mushu 8) Norbert* 9) Puff 
10) Rhaegal 11) Yoshi 12) Viserion*. Initial endoscopic images 1-12. Post gemfibrozil trial images 1P-
12P. *Treated with gemfibrozil  
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Figure B.4 Images of histological samples collected from study bearded dragons (Pogona vitticeps). 
(Hematoxylin-eosin staining, 40x, INFINITY3 camera, FOV 0.02mm2). 1) Draco* 2) Drogon* 3) Elliot* 4) 
Falkor 5) Figment* 6) Maleficent 7) Mushu, PAS + 8) Norbert* 9) Puff 10) Rhaegal 11) Yoshi 12) 
Viserion*, Periodic acid-Schiff (PAS) +. Initial endoscopic images 1-12. Post gemfibrozil trial images 1P-
12P. *Treated with gemfibrozil  
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