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8 Scope and aims of the thesis 

Feline hepatic lipidosis (FHL) is considered the most common hepatobiliary 
disease in cats.1-6 It is characterized by the excessive accumulation of triglycerides 
(TGs) in more than 80% of the hepatocytes resulting in secondary impairment of 
liver function, and intrahepatic cholestasis.1,2,7-9 Although FHL is mainly reported 
in middle-aged cats (median age 7 years), cats of any age can be affected. Although 
no clear breed or gender predilection for this disease has been reported, in some 
studies female cats seem to be overrepresented. 1,2,7,10 Actual (body condition 4/5) 
or historical obesity has been mentioned by several investigators as a predisposing 
factor for the development of FHL.1,4,7,11

Feline hepatic lipidosis is classified as primary or secondary hepatic lipidosis 
(HL). In primary FHL anorexia occurs in a healthy animal secondary to decreased 
food availability, administration of non-palatable food, or decreased food intake 
secondary to a stressful event.8,12 Secondary lipidosis is considered the most 
common form of lipidosis, occurring in about 95% of the cases. It is the 
consequence of an underlying disease of which pancreatitis, cholangitis and 
chronic kidney disease are the most common diseases reported. 1,2,6,13

Feline hepatic lipidosis presents as an acute critical syndrome that can result in 
the animal’s death due to severe liver dysfunction and failure if therapeutic 
measures are not taken expeditiously. The development of FHL in an anorectic 
feline patient during hospitalisation can contribute to a negative outcome.

The pathophysiology of FHL is complex and the variability in reported historical, 
physical, and clinicopathologic findings in cats with HL suggests that this is a 
syndrome with different causative factors. 1,2,13 One very important factor is 
associated with the intrinsic pure carnivore nature of cats that characterises the 
lipid and protein metabolism. It makes the feline patient dependent on obligatory 
essential fatty acid (EFAs), amino acids, and vitamins that may become exhausted 
after a period of prolonged anorexia. These deficiencies are considered important 
cofounding factors for the development of FHL. 11,13

Chapter 2 presents a detailed overview of the pathophysiology and clinical 
presentation of FHL , with emphasis on the specific characteristics and needs of 
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the cat as an obligate carnivore. Some new insights in the pathophysiology of FHL 
are discussed, based on the in-depth study of the pathophysiologic mechanisms 
of HL development in people with non-alcoholic fatty liver disease (NAFLD) and 
in other obligated carnivores, such as the European polecat (Mustela putorius) 
and the American mink (Neovison vison). 14-18

The primary metabolic abnormalities leading to the accumulation of TGs in 
hepatocytes leading to FHL are not yet completely understood. Most likely, they 
consist of disturbances in the pathways that regulate uptake, synthesis, 
degradation, and secretion of fatty acids (FAs). There is an imbalance between 
mobilisation of peripheral fat stores and de novo synthesis of FAs in the liver or 
visceral adipose tissue on the one hand, and insufficient increase in the rate of 
hepatic FAs β-oxidation for energy and insufficient dispersal of hepatic TGs via 
very-low density lipoprotein (VLDL) on the other hand.1,2,11,13 The deregulation in 
these metabolic processes that plays a pivotal role in the accumulation of TGs in 
the liver and the development of FHL remains unclear. A focused and specific 
treatment plan could be developed if one pathway is more important than the 
others in the development of FHL.

The aim of this thesis is an attempt to unravel the characteristics of the different 
pathways of lipid mobilisation, hepatic lipid metabolism and de novo lipid 
synthesis in healthy cats and cats with FHL.

In the liver FAs are reconstituted into TGs, which are then secreted in the 
peripheral circulation in VLDLs or are transported over the mitochondrial 
membrane by L-carnitine to enter the β-oxidation. VLDLs secretion is reported 
to be enhanced in FHL and   although the most recent literature have questioned 
this finding , it has been suggested that a lower capacity to excrete  VLDL,   could 
play an important role in the development of FHL.2,4,19,20  Secretion of VLDL is 
dependent on the rate of hepatic phosphatidylcholine (PC) synthesis. 21  
Phosphatidylcholine is synthetized in the liver via two pathways, the “Kennedy 
pathway” and the “phosphatidylethanolamine N-methyltransferase (PEMT) 
pathway”. The Kennedy pathway is the major route for PC synthesis and is present 
in all mammalian tissues. The synthesis of PC via this pathway depends on the 
intake of choline.21

Cats require higher amounts of several B-vitamins, such as cobalamin, folate, and 
choline,  as compared to other species. Therefore in cats, depletion during periods 
of anorexia, maldigestion, or malassimilation may have a bigger impact liver 
function.11 Suboptimal concentrations of dietary choline has been associated in 
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the cat with a diminished capacity of the liver to synthesize PC resulting in 
accumulation of lipids in the liver.22-24  

The PEMT pathway is liver-specific and is estimated to account for approximately 
20–40% of the newly synthesized PC in the liver of humans, mice and rats.25-27 In 
humans and mice PEMT expression is known to be upregulated by oestrogens.26,28,29 
Because of its strong oestrogen influence, the majority of premenopausal woman 
and female rats fed a choline deficient diet, are less likely to develop hepatic 
lipidosis than the male counterparts, as they have 30-50% more capacity to form 
choline de novo via the PEMT pathway. 28,30 Postmenopausal women and castrated 
female mice have demonstrated to have lower levels of PEMT activity and 
therefore to be more susceptible to become choline deficient and develop HL 
when fed a choline deficient diet. 26,28,31

Cats that are anorectic will be deficient of choline and the PEMT pathway should be 
activated to be able to produce sufficient amounts of PC and secondary VLDL. In 
cats the importance of the PEMT pathway and the hormonal influence on plasmatic 
and hepatic lipid composition in a healthy feline population has not been evaluated.

In Chapter 3 the lipid metabolism in healthy cats that are fed a choline-restricted diet 
is described and the hormonal effect on choline synthesis via the PEMT pathway is 
evaluated. Furthermore, a detailed description of the difference in lipid composition 
between male and female cats, pre- and post-gonadectomy is presented in order to 
gain a better insight into possible predisposing factors in the development of FHL.

The role of lipids in the development and progression of numerous diseases in 
man, such as diabetes mellitus, obesity, NAFLD, Alzheimer and arteriosclerosis 
is well recognised 32-34. The recognition of sex-specific genetic dimorphism in lipid 
metabolism has helped to identify risk factors and to develop more specific and 
targeted therapies.35,36 The essential FAs (EFAs) profile is known to vary 
considerably between males and females in humans, mice and rats, indicating 
that sex-lipid dimorphism occurs in different species.29,37-44 Pre-menopausal 
women are considered to possess a more favourable (less pro-coagulatory and 
less pro-atherogenic) plasma lipid profile compared to men and postmenopausal 
women with lower plasma levels of TGs, total cholesterol (TC), and low density 
lipoprotein-cholesterol (LDL-C) in combination with higher levels of high density 
lipoprotein-cholesterol (HDL-C).45-48

In human medicine, the study and evaluation of lipid metabolites with the use of 
lipid profiling or “lipidomics” has become crucial in order to understand the role 
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of lipids in the pathophysiology of lipid-related diseases.49,50

Butterwick et al. have reported no important differences in plasma lipid and 
lipoprotein concentrations between sexually intact females and males or between 
sexually intact and castrated males cats.51 However, as sexual dimorphism in lipid 
metabolism is evident in other species, sexual dimorphism in cats deserves 
additional exploration.

In Chapter 4 the lipid profile of intact and spayed/neutered healthy cats fed with 
a common commercial diet is investigated with the help of lipidomic analysis. 
Furthermore, the effect of gonadectomy on the liver and plasma lipid profiles is 
evaluated. Finally, the plasma and liver lipid profile of six cats with HL are 
examined in detail with the lipidomic technique. By comparing the lipid profiles 
of healthy cats and cats with HL predisposing factors in the development of FHL 
may be elucidated.

Another deregulated pathway in lipid metabolism that could contribute to TG 
accumulation in FHL could be the de novo synthesis of FAs. In normal conditions, 
de novo lipogenesis (DNL) converts excess carbohydrate into FAs that are 
consequently esterified to storage TGs and in a later stage may be used as an 
energy source via β-oxidation. The main product of DNL is palmitate, but stearate 
and shorter FAs are also generated.52-54 The adipogenic transformation of 
hepatocytes, i.e. the expression of gene profiles by the liver characteristic of 
healthy adipose tissue, seems to contribute to 26% of FAs that are accumulated in 
the liver of patients with NAFLD.52,53,55 Rouvinen-Watt et al., in a recent study 
evaluating mRNA expression of lipogenic genes in the liver of mink with HL, 
confirmed that the initial development of steatosis is secondary to increased FAs 
mobilisation from visceral abdominal fat tissue and the subsequent increase in 
circulating FAs concentrations, but also partly by the activation of hepatic DNL.56

The hypothesis that fat accumulation in the liver could be exacerbated by de novo 
synthesis of FAs (either by the adipose tissue or by the liver itself) was supported 
by the presence of increased hepatic concentrations of palmitate in cats with FHL.4

De novo fatty acid synthesis in the liver is regulated by three important nuclear 
transcription factors that enhance the expression of several genes involved in 
lipogenesis: sterol regulatory element-binding protein 1 (SREBP-1c), carbohydrate 
response element-binding protein (ChREBP) and peroxisome proliferator-
activated receptor- y (PPAR-y).57-59
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In Chapter 5 we investigate  the concept of adipogenic transformation of 
hepatocytes and de novo lipid synthesis in the liver of cats with FHL and its 
contribution to lipid load in FHL.  Lipogenic gene expression of PPAR-α, PPAR-y, 
FAS, SREBF1 and are determined with the use of qRT-PCR on liver of cats affected 
by HL compared to healthy cats,. 

In  humans increasing evidence suggests that steatosis should not be considered 
just an innocent bystander in NAFLD, but is associated with the development of 
steatohepatitis and fibrosis.60-62 The primary histological feature of FHL is simple 
steatosis but, in contrast to NAFLD, progression into steatohepatitis and chronic 
liver failure has never been documented in cats with HL.7,63

Mature liver cells, i.e. hepatocytes and cholangiocytes, have a remarkable capacity 
to proliferate and restore liver function in response to different types of injury.64-66 
However, in situations of acute severe or chronic ongoing disease the ability of 
hepatocytes to restore liver mass and function becomes impaired.66-74 Liver steatosis, 
in humans and a rodent model of NAFLD, appeared sufficient to inhibit replication 
of mature hepatocytes and to trigger the activation of a reserve population of cells, 
known as hepatic stem or progenitor cells (HPCs).75,76 Once activated, HPCs 
proliferate and depending on the type of disease, HPCs can differentiate towards 
hepatocytes and/or cholangiocytes. The balance between renewal, proliferation and 
differentiation of HPCs is determined by the interaction between the cells and 
stroma present in the microenvironment, i.e. the “HPC niche”.77-79

In rodents, humans and dogs, important cellular components in this niche 
include HPCs, hepatic stellate cells (HSCs), their differentiated counterparts, 
alpha-smooth muscle actin (α-SMA)-positive myofibroblasts and macrophages/
Kupffer cells with laminin as the main stromal component.64,65,80-82 In humans 
and dogs the ductular reaction and the degree of HPC and its niche activation is 
directly related to the severity of disease.67,75,80,83 This is indicated by the amount 
of hepatocyte loss, the amount of inflammation and the extent of fibrosis, and it 
is seen in diseases like acute hepatitis, chronic hepatitis, biliary disease and 
hepatic tumours.67,69-72,74,75,81,84-87

The remodelling and activation of the HPCs and their niche has recently been 
described in feline lymphocytic cholangitis (LC).88 The characteristics of the 
HPCs and their niche in feline LC share similarities to the HPCs and their niche 
in sclerosing cholangitis in human medicine. In Chapter 6 the progenitor liver 
cells and their interaction in FHL are characterised with the help of 
immunohistochemistry. The cellular and stromal pattern of the HPC niche  
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in FHL is described, with emphasis on MAC387-positive Kupffer cells, α-SMA 
positive myofibroblasts and the important extracellular matrix component 
laminin. To substantiate the immunohistochemical data double immuno-
fluorescence is used to describe co-localisations of the various cell types within 
the HPC niche in FHL.

In Chapter 7 the results of the study are summarised and discussed. In addition, 
recommendation and suggestions for further studies are made that could further 
help in understanding the pathophysiology of FHL, with the goal of improving 
our current therapeutical opportunities. 
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Chapter 3
• Analyse the lipid metabolism in healthy cats before and after spaying/neutering
•  Evaluation of sex hormone on choline synthesis via the PEMT pathway in

healthy cats fed a restricted choline diet

Chapter 4
•   Try  and highlight predisposing factors in feline hepatic lipidosis studying the

lipidomics of healthy cats and cats with hepatic lipidosis
•  Perform lipid profiling in intact and spayed/neutered healthy cats fed with a

common commercial diet
•  Evaluate the effect of gonadectomy on the liver and plasma lipid profiles
•  Perform lipid profiling in cats affected by hepatic lipidosis and compare it to

healthy cats

Chapter 5
•  Investigate  the concept of de novo lipid synthesis in the liver of cats with FHL

and its contribution to lipid load in FHL
•  The expression of the lipogenic gene of PPAR-α, PPAR-y, FAS, SREBF1 are

determined with the use of qRT-PCR on liver of cats affected by HL compared
to healthy cats

Chapter 6
•  To characterised the progenitor liver cells and their interaction in FHL with the

help of immunohistochemistry.
•  The cellular and stromal pattern of the HPC niche in FHL is described, with

emphasis on MAC387-positive Kupffer cells, α-SMA positive myofibroblasts
and the important extracellular matrix component laminin.

•   To substantiate the immunohistochemical data double immunofluorescence is used 
to describe co-localisations of the various cell types within the HPC niche in FHL.

Figure 1: Aims of the thesis
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2424 Synopsis

Feline hepatic lipidosis (FHL) is a common and potentially fatal liver disorder, 
characterized by an accumulation of triglycerides (TAG) in the liver, leading to 
an impaired hepatocyte function, cholestasis, and hepatic dysfunction. Although 
the exact pathophysiologic mechanisms of FHL remain elusive, there is an 
imbalance between the influx of fatty acids (FA) from peripheral fat stores into 
the liver, de novo liposynthesis, and the rate of hepatic oxidation and dispersal of 
hepatic TAG via excretion of very-low density lipoproteins. The diagnosis of FHL 
is based on anamnestic, clinical, and clinicopathologic findings, associated with 
diagnostic imaging of the liver, and cytology, or histological examination of liver 
biopsies. Fluid therapy, electrolyte correction and adequate early nutrition are 
essential components of the therapy for FHL.

Keywords 
feline, hepatic lipidosis, cats, liver, triglyceride, obesity, VLDL, TAG

Key point
Pathophysiology of feline hepatic lipidosis; diagnosis of feline hepatic lipidosis; 
treatment of feline hepatic lipidosis 
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Feline hepatic lipidosis (FHL), the most common hepatobiliary disease in cats, 1-5 
is characterized by the accumulation of excessive triglyceride (TGs) in more than 
80% of the hepatocytes resulting in a >50% increase in liver weight2,6,7, secondary 
impairment of liver function, and intrahepatic cholestasis.2,6,8,9 A specific 
geographic distribution of the disease has been suggested based on the available 
reports of FHL from different countries, including: North America, Great Britain, 
Japan and Western Europe). The higher prevalence of FHL in these areas might 
be secondary to feeding habits of cats and a high incidence of obesity in the feline 
population.1

The pathophysiology of FHL is complex. The primary metabolic abnormalities 
leading to TGs accumulation in the hepatocytes are not yet completely understood, 
but they could consist of alterations of the pathways of uptake, synthesis, 
degradation, and secretion of fatty acids (FA). Nonetheless, the variability in 
reported historical, physical, and clinicopathologic findings in cats with naturally 
occurring hepatic lipidosis suggests that this is a syndrome with many causative 
factors.

A negative energy balance, usually caused by anorexia is considered the primary 
cause for initiating FHL. In an experimental model of FHL, lipidosis occurs 
within two weeks’ of the development of anorexia.8,10 In a clinical setting, FHL 
has been seen to develop after a period of anorexia that ranges from 2-14 days.1,6 
Feline hepatic lipidosis is classified as primary or secondary. In primary FHL 
anorexia occurs in a healthy animal secondary to decreased food availability, 
administration of non-palatable food7,8, or decreased food intake secondary to a 
stressful event. Secondary lipidosis occurs in animals that develop anorexia as a 
consequence of underlying disease. Secondary lipidosis is the most common 
form of lipidosis described, occurring in about 95% of cases. The diseases 
associated with the development of lipidosis are numerous and include: diabetes 
mellitus, pancreatitis, inflammatory hepatobiliary disease, gastrointestinal 
disease, renal failure, and neoplasia.1,2

Because the cat is a pure a carnivore, its lipid and protein metabolism 11-14 make it 
dependent on obligatory essential fatty acids (EFA), amino acids, and vitamins 
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which become deficient following a period of prolonged anorexia. These deficiencies 
are considered important cofounding factors for the development of FHL.2,12

The development of hepatic lipidosis (HL) after a period of anorexia has also been 
described in other strict carnivores, such as the European Polecat (Mustela 
putorius) and the American Mink (Neovison vison).15,16  The in-depth study of the 
pathophysiologic mechanisms behind the development of HL in these other 
obligated carnivores, could help us to better understand the pathophysiology of 
FHL in cats. 

Pathophysiology 

Due to evolutionary pressure, cats have developed unique adaptations of lipid and 
protein metabolism reflecting a strict carnivorous state12-14,17-19, which impacts 
cats’ requirements for EFA and essential aminoacids.2,13,20 Like other mammals 
cats are unable to synthesize EFA like linoleic acid (18:2n-6; LA) and α-linoleic 
acid (18:3n-3; ALA). In addition to this, unlike other mammals, cats also have a 
limited capacity to synthesize the long chain polyunsaturated fatty acid (LCPUFA) 
arachidonic acid (20:4n-6; AA) from LA and eicosapentaenoic acid (20:3n-3; 
EPA) and docosahexaenoic acid (22:6n-3; DHA) from α-linolenic acid (18:3n-3; 
ALA). The explanation for this peculiarity is that cats have a severely decreased 
activity of the enzymes Δ5- and Δ6-desaturase, enzymes involved in the formation 
of LCPUFA from EFA.21-24 Recently, Trevizan et al., revealed that cats have an 
active Δ5-desaturase and that they are able to synthetize AA from γ-linolenic 
acid via bypassing the Δ6-desaturase step but not in an amount that will allow 
them to store this LCPUFA in condition of anorexia.11 

Long chain poly-unsaturated fatty acids are involved in numerous processes. 
Increased levels of LCPUFA are well known to protect against the development of 
HL via the so-called “fuel partitioning action” of LCPUFA.25,26 Long chain poly-
unsaturated fatty acids, n-3 LCPUFA species (i.e. DHA), rather than the n-6 
LCPUFA (i.e. AA), favour FA oxidation over TAG storage and they direct glucose 
away from FA synthesis by facilitating glycogen synthesis.27,28 Long chain poly-
unsaturated fatty acids downregulate sterol regulatory element binding protein-1 
(SREBP-1) expression and impair its processing, resulting in an inhibition of the 
transcription of lipogenic and glycolytic genes.28-30 Furthermore, n-3 LCPUFA 
species act as ligand activators of the peroxisome proliferator-activated receptor-α 
(PPAR-α) present in liver and adipose tissue upregulating the expression of genes 
encoding enzymes involved in FA oxidation.28,31 
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Cats possess limited ability to adapt their protein metabolic pathways for 
conserving nitrogen and they rapidly develop essential amino acid deficiency and 
protein malnutrition following a period of prolonged anorexia. In both experi-
mentally induced and spontaneous FHL, plasma concentrations of alanine, 
arginine, citrulline, taurine, and methionine become markedly reduced (>50% 
reduction from baseline).2,12,32 

Cats with FHL show changes in carbohydrate metabolism that resembles those 
seen in critically ill cats. Cats with HL, compared to healthy subjects, have higher 
circulating concentrations of glucose, lactate, glucagon, non-esterified fatty acid 
(NEFA), and have lower circulating concentrations of insulin.33,34

Although the exact pathophysiologic mechanism of FHL remains elusive, there is 
clearly an imbalance between the influx of NEFA derived from peripheral fat 
stores, de novo synthesis of FAs, the rate of hepatic FA oxidation for energy, and 
the dispersal of hepatic TAG via excretion of very-low density lipoproteins 
(VLDLs).

Influx of free fatty acid from peripheral fat stores
Feline hepatic lipidosis is considered to be a negative energy balance state and it 
is characterized by increased circulating concentrations of the counter regulatory 
hormones (glucagon, growth hormone, cortisol, and catecholamines) that lead to 
an increased activity of hormone-sensitive lipase (HSL), promoting lipolysis and 
mobilisation of NEFA from the visceral adipose tissue. Increased levels of counter 
regulatory hormones and decreased circulating concentrations of insulin lead to 
increased HSL activity, resulting in decreased lipogenesis, increased peripheral 
insulin resistance by decreased activity of the glucose transport protein-4 (GLUT-
4), and impaired glucose tolerance.35 High concentrations of circulating FFA 
also contribute to peripheral insulin resistance.1,2,36,37 

Nonesterified fatty acids are released from the adipose tissue and transported to 
the liver via the portal circulation. The predominant lipid that accumulates within 
the hepatocyte is TGs.4 A higher concentration of palmitate (16:0) was found in 
liver tissue from cats with FHL compared to control subjects that mirrored the 
increased concentrations of palmitate in the adipose tissue of the same animals.4 
This finding confirmed the hypothesis that FFAs in livers of cats with FHL are 
derived from VAT.2,4,12,33 Besides adipose tissue being the major site for storage of 
excess energy as TGs during a positive energy balance state, it has also an important 
endocrine function by secreting multiple adipokines including: adiponectin, 
leptin, chemokines, and cytokines.38,39 These adipokines are involved in energy 
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homeostasis and inflammation and might be responsible for the development of 
peripheral insulin resistance.38-40 Common inflammatory cytokines reported to be 
elevated in obese cats when compared to lean individuals are tumour necrosis 
factor alpha (TNFα) and interleukin 6 (IL-6).41,43 Adiponectin exerts a profound 
insulin-sensitizing effect as well as anti-inflammatory and anti-atherosclerotic 
effects. Leptin is a regulator of adipose tissue mass and regulates insulin sensitivity.39 
The adipose tissue of FHL cats had markedly increased TNF-α concentrations 
compared to that of healthy subjects.42 In cats with FHL both the serum 
concentrations of adiponectin and leptin were found to be increased compared to 
healthy subjects, but only leptin was significantly increased in cats with FHL 
compared to cats with other liver diseases.39 Obesity predisposes cats to FHL 
during a period of anorexia, because of the quantity of FA that can be rapidly 
released from peripheral fat stores and VAT, release of inflammatory adipokines 
from the adipose tissue, and because of the insulin resistance associated with 
obesity.1,2,37,43,44 

De novo lipogenesis 
De novo lipid (DNL) synthesis in cats occurs mainly in the adipose tissue, followed 
by the liver, mammary glands, and muscle. This differs from human and rodents 
where the liver is the primary site for DNL synthesis.45-47 While glucose is the 
precursor for DNL in humans, in cats acetate resulting from incomplete FA 
oxidation (i.e. ketogenesis), typically increased in FHL, is the substrate for the 
formation of the FFA palmitate (16:0).2,36,46,48 Palmitate is found both in the 
adipose tissue and liver of cats with FHL, whereas it is not in healthy cats.4 It 
cannot be ruled out that palmitate accumulation is the result of the de novo 
lipogenesis contributing to HL. Similarly in the mink, an animal that has 
metabolic similarities with the domestic cat,19,46 DNL from acetate in HL may be 
accompanied by the adipogenic transformation of hepatocytes, as is seen in the 
human NAFLD, where the liver begins to express gene profiles characteristic of 
healthy adipose tissue.46,49,50 To date, the concept of adipogenic transformation of 
hepatocytes has not been evaluated in cats. 

Once having reached the liver, FFAs can enter two pathways: either they undergo 
β-oxidation in the mitochondria or they can be esterified to TAG and secreted via 
the very low-density lipoprotein (VLDL) pathway.

Hepatic beta-oxidation
Mitochondrial β-oxidation is the main oxidative pathway for the disposal of FA 
under normal physiologic conditions.51 Short-chain and medium-chain NEFAs 
freely enter the mitochondria, while the activity of the enzyme carnitine palmitoyl 
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transferase-1 (CPT-1) regulates the entry of the long-chain FAs. Oxidation of FA 
produces acetyl-CoA, which can be used to provide energy via the tricarboxylic 
acid (Krebs) cycle to provide energy and/or to form ketone bodies. L-carnitine is 
part of the two enzymes that regulate transport of FA from the circulation into 
the mitochondria and from the hepatic cytosol back into plasma. 

Ketone body formation is increased in cats with FHL, suggesting an enhanced 
rate of β-oxidation of FA.1,2,32,36,37 However, it is unknown if the rate of β-oxidation 
is adapted to compensate for the greatly increased FA accumulation in the 
hepatocytes. The increase of ketone bodies in cases of lipidosis is most likely the 
result of the more complex catabolic state, increased insulin resistance, and 
decreased tolerance to glucose that develops in these patients than being the 
result of an increased rate of β-oxidation.12,34,36

In human medicine, abnormal β-oxidation from mitochondrial dysfunction has 
been suggested and reported as a potential cause for lipid accumulation in 
hepatocyte during NAFLD.51 Center et al. reported that in FHL hepatocyte 
mitochondria were reduced in number and markedly abnormal, suggesting that 
mitochondrial dysfunction could also occur in FHL.52

There is a lot of discussion about the role of carnitine in FHL. Because L-carnitine 
is essential for the transportation of FA into the mitochondria, L-carnitine 
deficiency has been proposed as one of the main pathophysiologic mechanisms 
for the accumulation of fatty acids in the liver.2,32,53,54 However, measurement of 
L-carnitine concentrations in different tissues (liver, kidney, blood) from cats
affected with FHL failed to support this hypothesis.53,55,56 On the other hand,
there is also evidence that supplementation of L-carnitine in experimental
lipidosis dramatically reduces hepatic lipid accumulation57 and increases the rate
of β-oxidation in obese cats.53,54,58 Furthermore, a protective effect of L-carnitine
was demonstrated in fasting cats and in cats with HL where supplementation of
L-carnitine reduced the increase of plasma FA concentrations compared to
control cats.53 Therefore it is possible that in a situation of anorexia and an
increased catabolic state tissue concentrations of L-carnitine are insufficient to
meet demand and supplementation might be beneficial.

Methionine is an essential amino acid fundamental for numerous methylation 
reactions and an important thiol donor involved in the synthesis of glutathione 
(GSH). Glutathione is an important oxygen free radical scavenger and is involved 
in the hepatocellular protection against oxidative injury and its hepatic 
concentrations are reduced in cats with liver disease.59 As methionine and its 
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coenzyme S-adenosyl methionine (SAMe) together are precursors of carnitine, 
methionine deficiency might contribute to inefficient levels of L-carnitine.2,12,32,55

Dispersal of hepatic TAG via VLDL excretion 
Once in the hepatocyte, NEFAs can be esterified to TAG. Triglycerides usually 
accumulate in vacuoles within hepatocytes or can be incorporated into VLDLs to 
be excreted into the peripheral circulation. 

Rapid onset of protein malnutrition and deficiency of essential amino acids are 
thought to be important pathophysiologic mechanisms for the development of 
FHL. A lack of apolipoprotein B100, a major component of the VLDL, was 
proposed as a reason for the diminished ability to excrete TAG from the liver.3,6. 
However, cats with HL are known to have increased levels of TAG in plasma with 
greatest distribution in the VLDL fraction (~62% vs. 25% in healthy, lean cats)60 
and increased serum concentrations of VLDL, with the VLDL fraction representing 
approximately 19% of the total lipoprotein mass compared to 2% in healthy lean 
cats. This suggests that VLDL secretion seems to be enhanced and not deficient in 
FHL.20,60-62 However, despite hepatic VLDL secretion being increased in cats with 
FHL, this increase might not be sufficient to prevent the lipid overload of 
hepatocytes, in face of a dramatic increase of NEFA transport to the liver.

Arginine and taurine deficiency in cats with FHL could also compromise lipid 
metabolism and excretion of TAG via the VLDL excretion pathway. Arginine is an 
important urea cycle substrate and arginine deficiency has been associated with 
the development of hyperammonemia and hepatic encephalopathy (HE) in cats 
with FHL.63,64 Taurine deficiency has been shown to increase lipolysis in peripheral 
tissues and has been linked to secondary accumulation of NEFAs in the liver.12,65 
Supplementation of taurine in experimental cats during initial weight gain 
followed by weight loss was associated with decreased hepatic lipid accumulation.12,62

As discussed previously, HL in the American Mink and the European polecat, 
other obligatory carnivores, shares numerous clinical, clinicopathologic, and 
pathophysiologic characteristics with FHL in domestic cats.16,46,48,66,67 Both the 
American mink and the European polecat have been used as animal models to 
investigate the pathophysiology of NAFLD in people.16 In the American mink 
and European polecat, fatty acid data of various adipose tissue depots and liver 
tissue showed a decrease in the n-3 LCPUFA.16,48,67-69 The depletion of n-3 PUFA 
during food deprivation could be partly due to the mechanisms of selective FA 
mobilization: the location of the first double bond from the methyl end affects the 
fractional mobilisation of LCPUFA and n-3 substrates are often preferred over 
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n-6 ones in FA desaturation reactions and β-oxidation.70 The decrease in n-3 
LCPUFA causes an increase in the n-6/n-3 PUFA ratio. Non-alcoholic fatty liver 
disease in human seems to be the result of an unfavourable n-6/n-3 PUFA ratio, 
with an increase in the n-6 LCPUFA.26,27 N-3 LCPUFAs are more potent activators 
of the PPAR-α receptors than n-6 LCPUFA and a depletion of n-3 PUFA has been 
proposed to favour FA and TAG synthesis over hydrolysis and FA oxidation and 
may impair lipid export from the liver by suppressing VLDL secretion.28,48 An 
increase in the n-6 LCPUFA concentration in response to food deprivation has 
been associated with increased inflammation and oxygen free radical formation 
and n-6 LCPUFA are considered to be a key contributor to the pathophysiology 
and progression of liver steatosis in NAFLD, in the American mink and in the 
European polecat.16,27,28,48 A lower concentration of both total n-6 and total n-3 
PUFAs was noted in adipose tissue of cats with FHL compared to controls. The 
n-6/n-3 PUFA ratio was not statistically assessed, but a study from Hall et al. 
suggests that a derangement in the n-6/n-3 PUFA ratio might occur in FHL 
compared to healthy control cats.4 Due to the limiting nature of the Δ5- and 
especially Δ6-desaturase activities, the LCPUFA status, especially the n-3 
LCPUFA status, of domestic cats may be severely compromised during food 
deprivation and/or rapid weight loss contributing to the pathogenesis of FHL. 

Recently, research has been performed in experimental animals and in humans on 
the immunomodulatory role of circulating bile acids and on their role in suppressing 
the hypothalamic pituitary adrenal axis (HPA axis). In humans the link between 
critical illness related corticosteroid insufficiency (CIRCI) and high circulating bile 
acid concentrations has been established.71,72 High levels of circulating conjugated 
or unconjugated bile acids in critical illness has been shown to inhibit glucocorticoids 
metabolising enzyme and to inhibit the release of corticotropin releasing hormone 
(CHR) and adrenocorticotropic hormone (ACTH) from the hypotalamic-pituitary-
adrenal axis (HPA axis).71-73 The hallmark of CIRCI is hemodynamic instability that 
manifests itself as refractory hypotension despite fluid resuscitation and levels of 
corticosteroids that are insufficient for the severity of the underlying illness.74,75 To 
evaluate if CIRCI also is present in cats with cholestasis, a pilot study was 
performed.76 Basal serum cortisol and delta cortisol (the difference between basal 
and post-ACTH cortisol) concentrations were evaluated in 20 cats with cholestasis. 
Cats with refractory hypotension had a lower mean delta cortisol than cats with 
normal blood pressure, but this was not significant. 76 However we know from 
human medicine, that delta cortisol is not very specific indicator of the HPA axis 
and adrenal function as it doesn’t take into consideration cortisol breakdown and 
its availability at the cellular level. 72 Therefore, CIRCI should be suspected in a 
subpopulation of cats with FHL and refractory hypotension.

31
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Historical and clinical findings 

Although FHL is mainly reported in middle-aged cats (median age: 7 years), cats 
of any age can be affected.1,2,6 There seems to be no clear breed or sex predilection, 
although in some studies female cats seem to be overrepresented.6,33 Actual (body 
condition 4/5) or historical obesity has been mentioned by several authors as a 
predisposing factor for the development of FHL.1,2,4,6,12 Cats affected with HL 
present with a history of anorexia and weight loss. Other reported clinical signs 
include: icterus, dehydration, vomiting, nausea and ptyalism, constipation or 
diarrhoea, and a poor hair coat (Figure 1; Figure.2).2,6 The mentation of cats with 
FHL can be severely altered if hypokalaemia and hepatic encephalopathy (HE) 
are present. In cats with FHL, HE is associated with arginine deficiency and can 
be worsened by hypokalaemia and decreased liver function, which further 
impairs the urea cycle.63,64,77 Cats with HE can present with severe mental 
depression, ptyalism and severe nausea.2,6,78 Plasma ammonia concentration 
should always be measured in a patient with severe alteration of its mental state. 
Ammonia tolerance testing is not recommended in cats with FHL.2 Ventroflexion 
of the neck, often seen in cats with FHL, and severe muscle weakness can be 
secondary to the concurrent presence of severe hypokalaemia. 

Fig. 1. Ptyalism secondary to nausea in a cat with FHL



3333

Serum biochemistry

Feline hepatic lipidosis is characterized by an increased bilirubin concentration 
and increased serum activities of alkaline phosphatase (ALP) and alanine 
aminotransferase (ALT), when compared to healthy cats and cats with other liver 
disease (i.e. cholangitis).2,6,79 Hyperglycaemia is often present and is due to insulin 
resistance and an increase in the counter regulatory hormones.2,34,37 Hypo-
glycaemia, when present, indicates severely decreased or even end-stage liver 
function. 

Mild hypoalbuminemia is often reported in FHL secondary to anorexia and 
decreased hepatic function. Blood urea nitrogen was found to be decreased in 
51% of cats as consequence of chronic anorexia and/or insufficient urea-cycle 
function.1,2,6 Commonly reported electrolyte alterations include: hypokalaemia 
(30% of cats with FHL), hypomagnesemia (28%) and hypophosphatemia (17%) 
that can be present at admission or can develop after administration of fluid 
therapy to correct dehydration.6 Hypokalaemia and hypophosphataemia have 
been associated with an increased morbidity and mortality in FHL.6 Hypokalaemia 
can increase the encephalopathic effects of ammonia and cause muscle weakness, 
paralytic ileus, and anorexia; hypophosphatemia can cause severe haemolysis 
resulting in the need for a blood transfusion.1,2,6 Cats with HL often have higher 
serum concentrations of β-hydroxybutyric acid (BHBA) compared to normal 
cats as reflection of their negative energy balance.10,36,60 High serum BHBA 
concentrations are the result of stimulation of the increased lipolysis with 
mobilisation of NEFA leading to increased hepatic β-oxidation and production of 
ketone bodies. Clinical signs associated with increased serum BHBA 
concentrations are usually vague and include anorexia, lethargy, cachexia, and 
weight loss. Serum BHBA has been suggested as a marker for FHL.36 

Fig. 2. Cat with FHL.  Note the visible icterus of (A) skin and (B) sclera and (C) poor kept hair coat 

A B C
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Haematology

The cell blood count (CBC) is often normal in cats with FHL, but in some cases, a 
mild non-regenerative anaemia and mild leucocytosis might be present. 
Underlying inflammatory, infectious, or neoplastic disease could result in an 
inflammatory leukogram. Heinz bodies can be detected on blood smear 
evaluation both on admission and during recovery.1,2,6 Thrombocytopenia does 
not occur frequently in cats with HL, unless they are suffering from DIC.6,33,80-84

Tests of coagulation 

Coagulation abnormalities and clinical bleeding tendencies are reported to be 
common (45-73%) in cats with FHL, especially during venepuncture, catheter 
placement or if invasive procedures, such as oesophageal feeding tube placement 
or liver biopsy are performed. 2,81-83 Lisciandro et al. reported that prolongation of 
prothrombin time (PT) was the most common abnormality (found in 77% of cats 
with FHL), whereas factor VII activity was reduced in 68% and activated partial 
thromboplastin time was prolonged in 55% in a population of cats affected with 
liver disease.83 In a study by Center et al. in cats with HL 75% had increased 
proteins invoked by vitamin K absence (PIVKA) clotting times, while only a 
minimal percentage had prolonged prothrombin time or activated partial 
thromboplastin time (4% and 25%, respectively).82 More recently, Dirck et al. 
found that 40% of cats affected with liver disease had a significant prolongation of 
the activated partial thromboplastin time compared to healthy cats. Protein C  
was also decreased in 44% of cats with liver disease, while fibrinogen was  
increased when compared to health controls. No significant difference was found 
for vitamin K dependant clotting factors (II, VII, IX, X) between healthy controls 
and cats with liver disease. The most consistent abnormalities in cats with FHL 
were an increased factor V activity and D-dimer concentrations with 54% of cats 
having values above the reference range for both parameters.81 Furthermore, 31% 
of cats with FHL had a severely decreased factor XIII (fibrin stabilizing factor) 
activity.81 Not only decreased production but also activation of haemostasis with 
secondary increased consumption of coagulation factors could be responsible for 
the bleeding tendencies of patients with FHL. 
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Diagnosis of feline hepatic lipidosis 

The presumptive diagnosis of FHL is based on the patient history, clinical 
presentation, clinicopathologic findings, and ultrasonographic appearance of the 
liver. However, history, clinical and clinicopathologic presentation are not specific 
for lipidosis and any underlying disease process can confound them. 

On ultrasound examination the liver in cats with FHL appears enlarged and 
diffusely hyperechoic liver when compared to the falciform fat.78 Using these 
criteria abdominal ultrasound performed by three board-certified radiologists 
had an accuracy of 70% for diagnosing lipidosis in cats.85 Comparable ultra-
sonographic findings of a diffusely hyperechoic liver can be found in healthy 
obese cats.86

The definitive diagnosis is usually made by cytologic evaluation of a fine needle 
aspirate (FNA) and in some cases by histologic evaluation of a liver biopsy.1,2,87-89 
Cytology of the liver has been advocated as it is considered to be a safer procedure. 
It often does not require general anaesthesia and it is associated with few minor 
complications when compared to liver biopsy.1,2,88,90 The hallmark of lipidosis on 
cytology is the presence of steatosis, which can be macro- or microvescicular.1,2,52 
Although vacuolar hepatopathy was the category with the highest percentage of 
agreement between liver cytology and liver histology, only 51% of feline cases had 
overall agreement between cytologic and histologic diagnosis of FHL.87 
Furthermore, Willard et al. reported four cases of cats diagnosed with FHL based 
on cytology where the underlying liver disease (cholangitis or lymphoma) was 
missed.89 Cats that are sick tend to accumulate lipid in their liver often mimicking 
FHL and for this reason a definitive diagnosis of FHL can only be made when 
>80% of the hepatocytes are affected.2,6

Liver biopsy requires general anaesthesia and assessment of the patient’s 
haemostatic system. Thrombocytopenia (<80,000 platelets /μL) and elevated 
activated partial thromboplastin time (>1.5 times the upper limit of the reference 
range) were the two reported abnormalities that had the strongest association 
with severe bleeding.91 Furthermore, liver biopsy collection using Tru-Cut rapid-
firing automatic biopsy needles has been associated with the development of 
vagotonic shock in cats, characterized by bradycardia and cardiovascular collapse 
up to 30 min after the biopsy was performed.90 These are the reasons why the 
majority of authors do not recommend liver biopsies as the initial tool to diagnose 
FHL. Cats with FHL present a series of cardiovascular, metabolic, and coagulation 
derangements that make them unsuitable to undergo general anaesthesia and 
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liver biopsy. Liver biopsy should be considered in subjects that despite appropriate 
treatment fail to improve or if they have a history, clinical finding, or 
clinicopathologic findings suggestive of a possible underlying hepatic disease 
other than HL.1,2

The use of non-contrast computerized tomography (CT) has been advocated in 
human medicine as a more reliable and repeatable method for the detection fatty 
hepatic infiltration in patients with non-alcoholic fatty liver disease (NAFLD) 
when compared to cytological and histological assessment of the liver.92,93 Fatty 
infiltration of organs is associated with X-ray attenuation on CT94 and level of 
x-ray attenuation of adipose tissue in human medicine is inversely correlated 
with hepatic fat content.92,95,96 Computed tomography (CT) has been used to 
detect visceral adipose tissue deposition in cats and CT evaluation of total body 
fat seems to correlate well with the body condition score.97 Two recent studies 
evaluated the use of CT to detect liver fatty deposition in FHL, but yielded 
contrasting results. The first experimental study by Nakamura et al. evaluated a 
colony of adult healthy cats where the mean hepatic fat attenuation was 54 
Hounsfield units (HU; range: 43.5-65.9 HU). Hepatic lipidosis was then 
experimentally induced and when CT images of the liver were evaluated, 
decreased hepatic X-rays attenuation was observed (<35 HU).98 In a more recent 
study, Lamb et al. evaluated x-ray attenuation in the liver and kidneys of a 
population of client owned cats with suspected FHL. Cats were divided into three 
different groups based on the risk of suffering from mild, moderate of severe 
lipidosis. The study however, failed to highlight any differences between groups 
and the values obtained for x-ray attenuation of the liver were different from the 
previously published ones. The conclusion of Lamb et al. was that hepatic CT 
attenuation of the liver might be of limited value in detecting FHL in patients at 
risk for lipidosis and that values obtained for hepatic x-ray attenuation could vary 
between CT scanners.99 Based on the results of these two studies and the need for 
anaesthesia in a clinically compromised patient, the routine use of CT to diagnose 
lipidosis cannot yet be recommended and further studies are necessary. 

Treatment 

Fluid and electrolyte therapy
Cats presented with FHL can suffer from differing degrees of hypoperfusion 
secondary to vomiting, anorexia, and adipsia. Hypoperfusion in cats is 
characterized by tachycardia (heart rate >220 bpm) or inappropriate bradycardia 
(heart rate <140 bpm), pale mucous membranes, prolonged capillary refill time, 
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often hypothermia, and mild hypotension. Dehydration is a common abnormality 
seen in cats with FHL. Initial fluid therapy should be directed to correct 
hypoperfusion if it is present. A balanced isotonic crystalloid infusion (0.9% 
NaCl, lactated Ringer’s solution, or Ringer’s acetate solution) is the fluid type of 
choice. Small volume resuscitation, with a 5-10 mL/kg IV bolus given over 30 min 
should be instituted in hypovolemic cats while slow rewarming is implemented. 
Repeated examination of the cardiovascular system will help to decide if further 
fluid administration is necessary to achieve euvolemia. Fluid therapy to provide 
for maintenance requirements and correct deficits according to the estimated 
percentage of dehydration should then be started (Table 1 and Table 2) and the 
total volume is usually administered over 24 hours. There is a lot of debate on 
what is the best fluid to administer in patients with FHL. Due to poor hepatic 
function lactate clearance, might not be appropriate in cats with FHL. Therefore 
the administration of lactate-based solutions might worsen hyperlactatemia in 
these patients.1,2 However, this seems to only be a theoretical concern as lactated 
Ringer’s solution has been used without major complication in these patients.1 
Fluids containing glucose should not be used in cats with FHL to avoid worsening 
glucose intolerance and concurrent hyperglycemia.37 The fluid therapy plan 
should be re-evaluated and adjusted at least once a day based on the cat’s new 
requirements and clinical condition. The newly formulated plan should take into 
consideration the fluid balance and the body weight of the patient, percentage of 
dehydration and if ongoing losses (vomiting, diarrhoea) are still occurring. 

Table 1: Clinical estimation of dehydration
Percentage of dehydration is evaluated based on physical evaluation of the turgor, mucous membranes and 
position of the eyes in the orbit. The estimated percentage will be used to calculate the amount of fluid 
necessary for the correction of dehydration in the fluid therapy plan (table 2).

Estimated dehydration           
(% of BW)

Physical examination findings 

<5% Normal 
(anamnesis consistent with excessive fluid loss compared to intake)

5-6% Skin turgor is mildly reduced; mucous membranes are dry

7-8% Skin turgor is moderately reduced; mucous membranes are dry

8-10% Skin turgor is severely reduced; mucous membranes are dry; eyes 
sunken in the orbit 

10-12% Skin turgor is severely reduced; mucous membranes are dry; eyes 
sunken in the orbit; initial signs of shock ( mild tachycardia, pale/
pink mucous membranes, slightly prolonged CRT, weak peripheral 
pulse)

12-15% Clinical signs consistent with shock 
(tachycardia, pale mucous membranes, weak peripheral pulse, 
prolonged capillary refill time)
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If enteral or parenteral feeding is implemented, the amount of fluid administered 
with the nutritional plan should be deducted from the calculated rate of fluid 
infusion to avoid fluid overload. 

Correction of electrolytes abnormalities should take place in the initial phase of 
hospitalisation and before nutrition is started, as insulin release can cause a 
further decrease in serum/plasma potassium and phosphate concentrations. 
Abnormalities of potassium and phosphate should be adequately corrected (Table 
3) and these electrolytes should be checked at least twice daily in the beginning of
hospitalisation. The rate of potassium administration must not exceed 0.5 mEq/
kg/hour. If hypokalaemia is difficult to correct, the serum/plasma magnesium
concentration should be also measured and if needed this electrolyte should be
supplemented, as hypomagnesemia can worsen renal wasting of potassium.

Nutritional management of feline hepatic lipidosis 
The cornerstone of treatment in FHL is early nutrition. Nutrition should be 
initiated on the day of admission to reverse the negative energy balance and 
catabolic state typical of FHL. The only reason to delay nutrition is the presence of 
cardiovascular instability (hypoperfusion, hypotension) and severe electrolyte 
abnormalities. Nutrition can be provided via the enteral or parenteral routes. 
Wherever possible enteral feeding is preferred over parenteral nutrition because it 
helps maintaining intestinal structure function.100 However, in case of intractable 
vomiting or because of minimal tolerance to enteral feeding, the parenteral route 
should be taken into consideration.100 Partial parenteral nutrition could be easily 
administered via a peripheral catheter and doesn’t require a central venous access, 
which might initially not be advisable due to coagulation abnormalities. 

Table 2: Fluid requirements for a hospitalized cat 
Based on the cat fluid balance, the fluid therapy plan will take into consideration maintenance fluid therapy 
plus the correction of dehydration (based on the estimated percentage of dehydration) and the ongoing fluid 
losses (via vomiting, diarrhea, polyuria).

Fluid requirements for 
a hospitalized cat

Maintenance fluid therapy 40-60 mL/kg/day

Correction of dehydration Deficit in mL (to be administered in 12-24 hours) 
= % dehydration x 10 x body weight (kg)

Ongoing fluid losses Based observed fluid loss:
- minimal fluid loss: 2 mL/kg/hour
- moderate fluid loss: 4 mL/kg/hour
- severe fluid loss: 6 mL/kg/hour
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The ideal diet for FHL should be high in protein (30%–40% of the metabolizable 
energy), moderate in lipids (about 50% of the metabolizable energy), and relatively 
poor in carbohydrate (about 20% of the metabolizable energy).1,2 Glucose should 
be used as carbohydrate source as it doesn’t require digestion and can be used by 
enterocytes as energy source.1 In critically ill cats, 6 g of protein/100 kcal (or 25–
35% of their total energy requirements) is considered to be enough to support 
their unique metabolism.100 In FHL, a diet with a protein content of 25% of the 
metabolizable energy was shown to attenuate but not to ameliorate HL, while a 
diet with a higher protein content (35-45% of the metabolizable energy) showed 
to reverse the catabolic state and improved clinical signs associated with 
FHL.7,32The majority of the veterinary commercial diets formulated for recovery 
in cats meets these requirements. 

The calorie requirements of these patients can be estimated using the formula:
RER = 70 x (body weight in kg)0.75.

Electrolytes Formula used Route of 
administration 

Comments

Potassium mmol of potassium to 
administer to correct the 
deficit up to a potassium 
level of 4.5 mmol/L 
= 4.5 - Kpatient x 0.6 x BW (kg) 

IV The amount in ml of the 
calculated potassium should be 
diluted 1:4 with NaCl 0.9% and 
administered with a dedicated 
syringe pump IV at a rate not 
faster than 0.5 mmol/kg/hour. 
Be careful not to administer 
the solution containing 
potassium as a bolus or rapid 
infusion.

Phosphate 0.01-0.03 mEq/kg/hour 
for 6 hours
0.12 mEq/kg/hour in severe 
deficit

IV Use a dedicated line and
syringe pump. Ensure that
this line is not flushed.
It is important to consider the
amount of potassium
administered via phosphate
correction and subtract it
from the potassium
correction.

Magnesium 
sulfate 
(MgSO4) or 
Magnesium 
chloride
(MgCl2)

Rapid replacement: 
0.75-1 mEq/kg/day 
for first 24 hours
Slow replacement:
0.3-0.5 mEq/kg/day 
for 2-3 days

IV Administered as 20% solution 
diluted in 5% dextrose

Table 3: Treatment of electrolyte abnormalities
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The use of an illness factor, typically ranging from 1.0-2.0, by which the RER is 
multiplied to meet the increased caloric needs of critically ill patients is no longer 
recommended.101 The use of the illness factor leads to overfeeding and has been 
associated with hyperglycaemia, gastrointestinal dysfunction, as well as hepatic 
dysfunction. The development of hyperglycaemia is especially concerning 
(particularly during parenteral nutrition) as it is associated with an increased rate 
of complications and a worse outcome.102 

Forced enteral feeding should never be considered in a sick cat with FHL because 
of the risk of the development of food aversion2 and because it is usually difficult 
to administer the cat enough food to meet their energy requirements. Feeding  
tubes (nasoesophageal, esophageal, and gastric) allow clinicians to provide enteral 
nutrition without excessive stress to the patient (Table 4). The preferred initial 
feeding tube choice of the authors and others1,2 for cats with FHL is the 
nasoesophageal feeding tube. The introduction of a nasoesophageal feeding tube 
does not require general anaesthesia or heavy sedation and is not invasive (Fig.3). 
Cats with FHL are often unstable on admission to undergo general anaesthesia 
and are often coagulopathic. For these reasons the insertion of oesophagostomy 
and gastrostomy tubes should be considered potentially unsafe in these patients 
and should be delayed until fluid and coagulation abnormalities have been 
addressed and the cat is considered stable enough to undergo anaesthesia (Fig 3). 

Typically sufficient amounts of a commercial high protein recovery food to 
provide 1/3 of the calculated RER is fed on the first day followed by a slow 
incremental increase in the amount over the next 2-3 days until the total RER  
is being provided. The slow increase of the caloric load should decrease the risk  
of refeeding syndrome. Refeeding syndrome is characterized by severe hypo-
phosphatemia, hypokalaemia and hyperglycaemia, vomiting, diarrhoea, or 
shock.103,104 It is the consequence of a rapid caloric administration to a starved 
patient in a chronic negative catabolic state, causing rapid insulin release.103-105 

Cats with FHL are considered feeding volume sensitive and the amount of food 
they can tolerate per meal might be drastically reduced.1 The total volume of food 
required each day should be initially divided into 6-8 portions, or administered 
as a constant rate infusion (CRI). The authors prefer to administer food as a CRI 
because it seems to reduce nausea, gastric discomfort, and vomiting associated 
with gastric distension after intermittent food administration. The food should 
be always administered lukewarm and if the intermittent administration is 
chosen, it should be administered over 10-15 minutes. If any signs of discomfort, 
retching or vomiting are present, the administration of food should be interrupted. 
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Antiemetics and gastroprotectants should be considered in cats that are nauseated 
and/or vomit. Metoclopramide (0.2 mg/kg, IV, 4 times a day or 1 mg/kg/day IV 
as a CRI), ondansetron (0.1-0.5 mg/kg, IV, 2 to 3 times per day) and maropitant106  
(1 mg/kg SQ once a day) can be used alone or in combination to decrease vomiting 
and nausea. Metoclopramide is not a potent antiemetic in cats, but has some 
prokinetic effect and can facilitate gastric emptying.107 Omeprazole (1 mg/kg PO 
twice a day) or ranitidine (2.5 mg/kg IV twice a day) can be used to prevent reflux 
esophagitis in animals with frequent emesis.107 The use of appetite stimulants has 
been discouraged in cats with FHL.1,2,100,108 

Vitamin K1 should be administered in cats with impaired coagulation and some 
clinicians routinely administer it to all cats with FHL. Because the absorption of 
Vitamin K1 from the gastrointestinal tract might be compromised by cholestasis, 
0.5–1.5 mg/kg SQ at 12-hour intervals for 3-4 doses has been recommended.2

Feeding tube for 
enteral nutrition 

Size Advantages  Disadvantages  

Nasoesophageal 7-8 French No anaesthesia required
Easy to place 
Inexpensive 

Short-term solution
Only administration 
of liquid diet

Esophageal 14 French Easy to place 
Inexpensive 
Every diet can be used 
Suitable for longer duration 

Anaesthesia required
Possible bleeding 
Cellulitis as compli-
cation 

Gastric 14-18 French Suitable for longer duration
Every diet can be used
Suitable for longer duration 

Anesthesia required
Tube displacement can 
result in peritonitis

Table 4: type and characteristics of available feeding tubes for enteral nutrition in cats  

Fig. 3. Cats with (A) nasoesophageal and (B) esophageal feeding tubes.

A B
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Other medications and supplements are often suggested for the treatment of  
FHL (Table 5) but their efficacy has not been adequately demonstrated in order to 
make definitive recommendations regarding their use.54,58,59,109,110 L-carnitine 
supplementation has received more interest than any other food supplements and 
there are experimental and clinical studies that highlight its benefits. In an 
experimental study in overweight cats undergoing rapid weight loss, dietary 
L-carnitine supplementation increased the rate of FFA β-oxidation and decreased 
TAG accumulation in the liver.53,54,58,62 Furthermore, clinical observation of
improvement of the clinical signs and probability of survival in cats with FHL
when supplemented with L-carnitine suggests that carnitine should be considered 
an important addition to nutrition support.2 A dose of 250-500 mg/cat/day has
been suggested.1,2

Prognosis

If appropriately and rapidly treated with nutritional support and in the absence of 
a serious underlying disease, cats with FHL have a reported recovery rate of 80-
85%.2,10 Reported positive prognostic factors were a younger age and a higher 
median serum potassium concentration and hematocrit.2,6 A low albumin 
concentration on admission was associated with a worse prognosis in a population 
of cats affected with FHL (Valtolina and Favier, unpublished data).

Table 5: Other medications and nutraceuticals suggested by the treatment of FHL

Medications or 
nutraceuticals 

Route of 
administration 

Dosage 

Vitamin B12 SQ 250 µg/injection once weekly for 6 weeks, once 
every 2 weeks for 6 weeks, and then monthly

Taurine PO 250 mg/ day during the first 7 to 10 days 
N-acetylcysteine IV, PO Initial first dose 140 mg/kg (20% solution 

diluted 1:4 or greater with saline) IV over 30 
minutes. 
70 mg/kg every 8-12 hours 

S-adenosylmethionine
(SAMe)

PO 20 mg/kg/day 
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Background
Feline hepatic lipidosis (FHL) is a common cholestatic disease affecting cats of any 
breed, age and sex. Both choline deficiency and low hepatic phosphatidylethanola-
mine N-methyltransferase (PEMT) activity are associated with hepatic lipidosis 
(HL) in humans, mice and rats. The PEMT expression is known to be upregulated 
by oestrogens, protecting the females in these species from the development of HL 
when exposed to choline deficient diets. The aim of the present study was to evalu-
ate the influence of sex hormones on choline synthesis via the PEMT pathway in 
healthy male and female cats before and after spaying/neutering, when fed a diet 
with recommended dietary choline content. 

Results
From six female and six male cats PEMT activity was assayed directly in liver biop-
sies taken before and after spaying/neutering, and assessed indirectly by analyses 
of PEMT–specific hepatic phosphatidylcholine (PC) species and plasma choline 
levels. Hepatic PEMT activity did not differ between intact female and male cats 
and no changes upon spaying/neutering were observed. Likewise, no significant 
differences in liver PC content and PEMT-specific polyunsaturated PC species 
were found between the sexes and before or after spaying/neutering. 

Conclusion 
These results suggest that choline synthesis in cats differs from what is observed in 
humans, mice and rats. The lack of evident influence of sex hormones on the 
PEMT pathway makes it unlikely that spaying/neutering predisposes cats for HL 
by causing PC deficiency as suggested in other species. 

Keywords 
cats, hepatic lipidosis, choline, PEMT, oestrogen 
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Feline hepatic lipidosis (FHL) is a common cholestatic disease affecting cats. It is 
considered the consequence of prolonged anorexia and subsequent dramatic 
lipolysis.1-3 Feline hepatic lipidosis is characterized by an excessive accumulation 
of triglycerides (TAG) in hepatocytes. Although the exact mechanisms remain 
elusive, there is clearly an imbalance between the influx of fatty acids (FA) derived 
from peripheral fat stores and de novo synthesis of FA in the liver on the one hand, 
and the rate of hepatic FA oxidation and the efflux of hepatic TAGs via very-low 
density lipoprotein (VLDL) on the other hand.1,3 In cats with FHL, serum TAG 
levels significantly increase with the greatest distribution into the VLDL fraction.4 
It has been suggested that a lower capacity to excrete VLDL plays a role in the 
development of FHL.1-3

Secretion of VLDL is dependent on the rate of hepatic phosphatidylcholine (PC) 
synthesis. Phosphatidylcholine is synthetized in the liver by two pathways, the 
Kennedy or cytidine diphosphate-choline (CDP-choline) pathway and the 
phosphatidylethanolamine N-methyltransferase (PEMT) pathway. The Kennedy 
pathway produces more saturated and mono-unsaturated acyl chain-containing 
PC, whereas the PEMT pathway synthesizes PC with a long highly unsaturated 
acyl chain (HUFA) (PC 38:6 and PC 40:6).5 The Kennedy pathway is the major 
route for PC synthesis and is present in all mammalian tissues. The synthesis of PC 
via this pathway depends on the intake of choline.6 The PEMT pathway is 
independent of choline intake and converts phosphatidylethanolamine (PE) to PC 
via the transfer of three methyl-groups from S-adenosylmethionine.7,8 The PEMT 
pathway is liver-specific and is estimated to account for approximately 20-40% of 
the newly synthesized PC in the liver in humans, mice and rats.9-11 In premenopausal 
women, intact female mice and rats it has been estimated that a larger fraction of 
PC is made in the liver via the methylation of PE, than in men, postmenopausal 
women and sterilised mice and rats.9-11

The role of choline in hepatic lipidosis (HL) has been evaluated in humans 12, cats 
13-16 and mice.17 Both choline deficiency and low PEMT activity have been 
associated with HL.18-22 Suboptimal concentrations of dietary choline are associated 
in the cat with a diminished capacity of the liver to synthesize PC resulting in 
accumulation of lipids in the liver.13-15  
In humans, mice and rats PEMT expression and activity is known to be upregulated 
by oestrogens. This explains why premenopausal and intact females are less choline 
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dependent than males or postmenopausal/spayed females.9,11,23-25 Pre-menopausal 
women have a 30-50% higher capacity than men to form PC de novo via the PEMT 
pathway.23,24 Premenopausal women and female rats on a choline deficient diet are 
less likely to develop HL than their male counterparts. Postmenopausal women 
and castrated female mice with less PEMT activity are considered more susceptible 
to develop PC deficiency and, subsequently, HL.11,24

Center et al. have reported that female cats are more affected than male cats, but it 
is more commonly reported that FHL has no breed, age or sex predisposition.1,3 
An explanation for an occasionally proposed sex predisposition in FHL has never 
been convincingly described.
As demonstrated in other species, the loss of oestrogen influence could cause 
spayed female cats to have a lower capacity for PC synthesis than intact females. If 
so, spaying female cats, a practice widely performed in all western countries, could 
be a predisposing factor for female cats to develop FHL. 
The aim of this study was to analyse the lipid metabolism in healthy cats before 
and after spaying/neutering and subsequently the influence of sex hormones on 
PC synthesis via the PEMT pathway.

Methods 

This study was approved by the Committee for the Ethical Care of Animals of the 
Utrecht University.

Cats and study design
Client-owned cats (six intact females, six intact males) admitted to the Department 
of Clinical Science of Companion Animals of the Faculty of Veterinary Medicine, 
Utrecht University (DSCA) for spaying/neutering were eligible to enter the study. 
Informed owner written consent was obtained prior to enrolment of all cats. The 
cats had to be in good clinical health during the study based on general physical 
examination performed by one of the authors (CV; veterinary specialist (Diplomate 
of the American and European College of Veterinary Emergency and Critical 
Care)), a CBC, and biochemistry test results. Coagulation parameters needed to 
be within reference range in preparation for the liver biopsy. The health status was 
checked twice: on admission for the castration and 4 weeks later prior to the 
second liver biopsy. 
Cats enrolled for the study received the same study diet for 8 weeks. Four weeks 
after the start of the diet, blood samples and liver biopsies were taken. Following 
confirmation of good health status and sampling, the cats were neutered or 
spayed. Four weeks after the surgical procedure (8 weeks after the start of the 
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diet) blood and liver tissue sampling were repeated. 
For the results analysis and interpretation, four groups were considered: intact 
males (before neutering, n=6), intact females (before spaying, n=6), spayed female 
(after spaying, n=6), neutered male (after neutering, n=6)

Diet
During the study, all the cats were fed a commercially available complete dry diet 
for adult cat (Affinity Petcare, Barcelona, Spain), provided in 500g bags and as 
snacks (Table 1). Although originally formulated for adult cats, this diet covered 
recommended nutrients allowance for growth with a margin of 10% (NRC 2006). 
The dry diet contained a fixed amount of choline (2,400 ppm as fed, 0.65 g/1,000 
kcal), close to the adequate intake of choline (0.64 g/1,000 kcal) as recommended 
by NRC (2006) 26(Table 1).

Table 1. Nutrient composition of the complete dry diet and snacks as used in this study and the National 
research Council (NRC) requirements for adult cats and kittens.
* DM = dry matter     # ND = not determined
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Nutrients Analysis 
method

Diet Snack Diet Snack Diet Snack Adult 
cat

Adult 
cat

800g 
kitten

Unit (as fed) (as fed) (DM*) (DM) Unit

Moisture CE Nº152/2009 g/100g 7.2 8.1

Protein  AOAC 990.03 
/ NF V18-120

g/100g 28.7 28.2 30.9 30.7 g/1000 kcal 77.8 74.5 40.0 50.0 56.3

Fat AOAC 954.02 g/100g 11.8 12.7 12.7 13.8 g/1000 kcal 32.1 33.5 ND# 22.5 22.5

Ash AOAC 942.05 g/100g 7.6 5.8 8.1 6.3 g/1000 kcal 20.5 15.3

Crude fiber AOCS Ba6-05 g/100g 2.7 2.0 2.9 2.2 g/1000 kcal 7.3 5.3

Nitrogen free 
extract

calculated g/100g 42.1 43.2 45.3 47.0 g/1000 kcal 114.0 114.2

Starch DIR. 72/199/
CEE

g/100g 30.5 ND 32.9 ND g/1000 kcal 82.7 ND

Methionine  CE Nº 
152/2009

g/100g 0.45 0.47 0.48 0.51 g/1000 kcal 1.22 1.24 0.34 0.43 1.10

Cystine  CE Nº 
152/2009

g/100g 0.64 0.65 0.69 0.71 g/1000 kcal 1.73 1.72

methionine + 
cystine

 CE Nº 
152/2009

g/100g 1.09 1.12 1.17 1.22 g/1000 kcal 2.95 2.96 0.68 0.85 2.20

Choline Ionic Cromato-
graphy

g/100g 0.24 0.24 0.26 0.26 g/1000 kcal 0.65 0.63 0.51 0.64 0.64

Taurine HPLC g/100g 0.07 0.07 0.08 0.08 g/1000 kcal 0.20 0.18 0.08 0.10 0.10

Betaine ND ND ND ND ND ND

Folate
(Vitamine B9)

HPLC mg/kg 2.81 1.93 3.03 2.10 mg/1000 
kcal

0.76 0.51 0.15 0.19 0.19

Cobalamine 
(Vitamine 
B12)

HPLC µg/kg 40.00 30.00 43.09 32.64 µg/1000 
kcal

10.84 7.93 ND 5.60 5.60

added 
Pyridoxine 
(Vitamine B6)

AOCS Ba6-05 mg/kg 10.39 8.55 11.19 9.30 mg/1000 
kcal

2.82 2.26 0.50 0.63 0.63
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Owners were given a table with the recommended amount of food to administer 
to their cat based on its weight (100 kcal/kg body weight0.67), either 100% delivered 
with the diet or 95% delivered with the diet and 5% with snacks with similar food 
composition (Table 1). The energy allowance recommended was the one as 
published by NRC (2006) for adult cats.26 Compared to NRC (2006) 
recommendations for entire growing kittens between 6 and 12 months, it could 
have been 10 to 13% lower (Table 1). Owners were instructed to report any lack of 
food intake or palatability to one of the authors (CV).  

Blood collection
To determine the health status of the cats, blood (2 mL) was collected by jugular 
venepuncture and divided into three tubes: 0.5 mL in EDTA (CBC), 0.5 mL in 
heparin (biochemical analysis), 1 mL in citrate (coagulation).
For hormone and choline analysis, blood (4 mL) was collected by jugular ve-
nepuncture and divided into two tubes: 2 mL in heparin (hormone), and 2 mL in 
heparin (choline). The tubes were centrifuged and the plasma was separated. The 
plasma for choline analysis was immediately stored at -70oC in cryogenic vials 
(Corning Inc., NY, USA).

Hormone analysis
Plasma oestradiol-17β concentration was measured by radioimmunoassay (RIA) 
(Coat-A-Count TKE; Diagnostic Products Corporation, Los Angeles, CA, USA) 
according to the manufacturer’s instructions with modifications as described 
previously 27 and validated for the dog.28  The intra-assay and interassay coefficients 
of variability (CV) were 14.0% and 11.8%, respectively. The lower limit of 
quantitation was 7 pmol/L.
Plasma testosterone concentration was measured by RIA (Coat-A-Count Total 
Testosterone; Diagnostic Product Corporation, Los Angeles, CA, USA) according 
to the manufacturer’s protocol with previously described modifications to increase 
the sensitivity.29 The intra-assay and interassay CV were 5% and 6%, respectively. 
The lower limit of quantitation was 51 pmol/L.

Plasma choline analysis
Free choline concentration was determined with a choline detection kit (Biovi-
sion, Milpitas, CA, USA) by measuring the absorbance at 570 nm in a 96 well plate 
according to the manufacturer’s instructions. Due to the low free choline concen-
trations 100 µL instead of 50 µL of cat plasma was used. The choline signal had to 
be corrected for a linear increase in non-specific signal observed after the end-
point of the assay. The lower limit of quantitation was 1 µM.
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Anaesthesia and surgical procedure 
Premedication consisted of glycopyrrolate (0.01 mg/kg, intramuscularly (IM)), 30 
min later followed by midazolam (0.2 mg/kg IM) and ketamine 5 mg/kg IM. An-
aesthesia was induced with alfaxalone (1-2 mg/kg intravenously (IV)) after which 
the cat was intubated. Anaesthesia was maintained with alfaxalone (4-5 mg/kg/h 
IV) and inhalation of a mixture of air, oxygen and isoflurane. Castration was per-
formed following a routine procedure. Each animal remained hospitalised until 
the morning after surgery when it was discharged.  

Liver biopsies
Under general anaesthesia, an ultrasound of the liver was performed by a 
veterinary specialist (Diplomate of the European College of Veterinary Diagnostic 
Imaging or resident in the same specialty). If no abnormalities were detected in 
liver structure and echogenicity, two ultrasound guided liver biopsies were taken 
with a 16 G needle (Super Core Semi-automatic Biopsy Instrument; Angitech, 
Vancouver, BC, Canada). 
One sample was fixated in 4% formalin and another was rinsed in normal saline 
(NaCl 0.9%), rapidly frozen in liquid nitrogen and stored at -80°C. Ultrasound of 
the abdomen was repeated 1-3 hours after liver biopsy to evaluate the presence of 
free abdominal fluid (blood) around the biopsy site.

Histology analysis 
Samples fixed in 4% neutral-buffered formalin were embedded in paraffin. Sec-
tions (3 μm) were cut for routine staining with haematoxylin and eosin (H&E) 
staining. The slides were reviewed by a specialist in veterinary pathology.

Liver PEMT activity analysis 
For the PEMT activity analyses the frozen liver biopsies were thawed, re-suspended 
in 350 µL of buffer A (250 mM sucrose, 0.2 mM EDTA, 5 mM DTT, and 10 mM 
Tris/HCl pH 8.0), and homogenized by mechanical disruption with a pestle tightly 
fitting to an Eppendorf tube followed by sonication (10 sec, amplitude 10 µm). 
PEMT activity was determined as previously described.30 Protein was determined 
in the homogenates by the BCA method Pierce® BCA protein assay kit (Thermo 
scientific, Rockford, IL, USA) with BSA as standard. 
To 100 µL of homogenized liver biopsy, 100 pmol of di-linolenoyl PC (PC (18:3, 
18:3)) was added as internal standard. Subsequently, lipids were extracted and 
separated in a neutral and phospholipid fraction by fractionation on a silica-G 
column as described.31

The PEMT activity was also assessed indirectly by analyses of PEMT-specific PC 
species, i.e. HUFA PC species, and the PC/PE ratio.5 Phosphatydilcholine and PE 
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species were determined as described by HPLC-mass spectroscopy.32 In short,  
150 µL of the homogenized liver biopsy was centrifuged for 5 min at 7,000 x g and 
115 µL of the supernatant was incubated for 1 h at 37oC with 0.4 mM 16:0-dimethyl 
PE (PEDM; Avanti Polar Lipids, Alabaster, AL, USA), 50 µM S-(5’-Adenosyl)-L-
methionine (SAM; Sigma-Aldrich, St. Louis, MO, USA) and 0.34 µCi 3H-labeled 
SAM (Perkin Elmer, Waltham, MA, USA) in a final volume of 150 µL. After the 
incubation the lipids were extracted and separated with thin layer chromatography 
(TLC), and the PC spot was scraped and counted. 

Statistical analysis
As no previous studies in cats have been performed, the results of the study by 
DaCosta K.A et al in humans were used to perform a power analysis to determine 
the minimal number of cats to be used in this study.9 Based on the power calcula-
tions, the minimal number of female cats needed to demonstrate the effect of 
spaying on phosphatidylcholine-docosahexaenoic acid (PC-DHA) was six, based 
on the following data: mean PC—DHA before spay: 100 ± 25 nmol/ml; mean PC—
DHA after spay: 59 ± 25 nmol/ml; alpha 0.05; power 0.88; paired t-test testing). 

Data analysis was performed using IBM SPSS 22 statistic software (IBM Corpo-
ration Armonk, NY, United States of America).
The outcome variables plasma choline, PEMT, total liver PC content and PC:PE 
ratio were analysed using a linear mixed model with cat ID as random effect to 
take repeated observations within the subject into account. Variables time (before/
after spaying/neutering) and gender (male/female) and the interaction between 
time and gender were used as explanatory variables. The outcome variables were 
log transformed to meet the model assumptions normality and the constance of 
variance. The akaike information criterion (AIC) was used to select the best model. 
Residuals plots were used to assess the validity of the model.
For outcome variables PC38:6 and PC40:6 the difference between both time 
moments (before/after spaying/neutering) and gender (male/female) were calcu-
lated as the model assumptions could not be met using the linear mixed effect 
model. A nonparametric Mann Whitney U test was applied on the differences to 
assess the difference in means between both genders. 
The P-value <0.05 was used to assess statistical significance. Results are expressed 
as mean and standard deviation, if not indicated otherwise. 
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Results 

Cats 
Six intact females with a median age of 20.5 months (range: 6.0 – 84.0) and 6 intact 
males with a median age of 7.0 months (range: 6.0 – 9.0) were enrolled. Median 
body weight of the female cats was 3.0 kg (range: 2.6 – 3.9); median body weight 
of the male cats was 4.0 kg (range: 3.5 – 4.5).
All cats accepted the diet without any problems. Results of the complete blood 
count (CBC), biochemistry and coagulation profile of all twelve cats, analysed fol-
lowing standard chemical analyses, were within reference intervals (results not 
shown).  The surgical procedures and ultrasound guided liver biopsies were with-
out incident in all cats. The cats recovered uneventfully from anaesthesia and were 
discharged the day after.

Histological analysis 
Histological evaluation of the liver biopsies performed in each subject (before and 
after spaying/neutering) at 4 weeks and at 8 weeks from the start of the diet re-
vealed no histological changes compatible with hepatic lipidosis or other histo-
logical changes. 

Hormone analysis
The results of the sex hormones measurements in the blood of the male and female 
cats pre and post spaying/neutering are reported in table 2. Oestrogen levels drop-
ped significantly after spaying (P = 0.041), indicating successful spay in all female 
cats. In one female cat, both before and after spaying, the oestrogen levels were 
below the detection limit of the test.
The testosterone level dropped significantly (P = 0.001) in male cats, indicating 
successful neutering.

Group 1
(male intact )
(n = 6)

Group 2
(male neutered)
(n = 6)

Group 3
(female intact )
(n = 6)

Group 4
(female spayed)
(n = 6)

Testosterone* 
(pmol/L)

824.3 ± 929.4 36.6 ± 17.0  

Oestrogen#

(pmol/L) 
9.6 ± 6.4 3.0 ± 1.0

Table 2. Plasma oestrogen and testosterone levels (mean ± SD) before and after spaying/neutering. 
* P < 0.00193 male intact versus neutered
# P < 0.041 female intact versus spayed
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Plasma choline and liver PEMT activity analysis 
Free plasma choline levels were not statistically different between intact female 
cats compared to intact males (P = 0.76) (Table 3). After spaying the choline levels 
increased in female cats by 35% to levels similar to those in male cats pre and post 
neutering (Table 3), but the increase was not significant. 
Activity of PEMT varied considerably between samples and did not differ 
significantly between male and female cats before or after spaying/neutering, and 
no effects of spaying/neutering were found in either group (Table 3). No correlation 
between the individual plasma choline levels and PEMT activity was observed 
(results not shown).
As presented in table 3, no significant differences were observed in total liver PC 
and the PEMT-specific PC species i.e. long chain highly unsaturated (HUFA) PC 
species, PC 38:6 (PC 16:0, 22:6) and PC 40:6 (PC 18:0, 22:6), and the PC/PE ratio 
between male and female cats before or after spaying/neutering.

Discussion

Choline deficiency and low hepatic PEMT activity have been associated with HL 
in humans, mice and rats. Pre-menopausal and intact females in these species 
appear better protected from the development of lipidosis when exposed to a 

Group 1
(male intact)
(n = 6)

Group 2
(male neutered)
(n = 6)

Group 3
(female intact)
(n = 6) 

Group 4
(female spayed)
(n = 6)

plasma choline
(µM)

1.9 ± 0.8 1.8 ± 0.7 1.5 ± 0.3 2.0 ± 0.5

liver PEMT* activity
(nmol/mg protein/h)

0.24 ± 0.18 0.19 ± 0.11 0.15 ± 0.09 0.21 ± 0.16

liver PC content
(nmol/mg protein)

24.2 ± 3.8 24.1 ± 3.2 27.5 ± 3.1 24.1 ± 2.3

liver PC 38:6#

(% of total PC)
3.3 ± 1.1 3.7 ± 1.6 4.2 ± 0.4 3.8 ± 0.5

liver PC 40:6#

(% of total PC)
3.3 ± 1.3 4.2 ± 2.3 4.1 ± 0.6 3.7 ± 0.6

liver PC/PE§ ratio 3.4 ± 0.4 3.1 ± 0.3 4.0 ± 1.4 4.0 ± 1.5

Table 3. Plasma choline levels and hepatic indicators of phosphatidylcholine (PC) metabolism (mean ± SD) 
in male and female cats before and after spaying/neutering.

* PEMT = phosphatidylethanolamine N-methyltransferase 
# PC species implicated in PEMT activity i.e. PC containing long highly unsaturated acyl chains
§ PE: phosphatidylethanolamine
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choline deficient diet. The up-regulation by oestrogens increases their capacity to 
synthesise PC via the PEMT pathway, reducing the dependency on choline 
intake.11,24,25 Also in cats, the importance of choline in the development of HL has 
been substantiated in supplementation and deficiency studies.13-16 This study could 
not demonstrate an effect of a reduced exposure to oestrogens on the PEMT 
pathway and the level of PEMT-specific PC species in cats. Therefore, this study 
does not support the hypothesis that a down-regulated PEMT pathway, as result of 
spaying/neutering, is a predisposing factor for the development of HL when cats 
are fed at recommended choline levels. 26

The choline levels in the plasma (range 1 – 3.2 µM) were low compared to what has 
been established in humans (range 7 – 20 µM) 12 and the earlier reported choline 
levels in cat plasma (3 – 7 µM).33 However, the latter range has been established 
with a different assay method.12,33 The lower choline levels in the plasma may have 
been influenced  by assay interference of substances in cat plasma.  
The choline levels in female intact cats tended to be lower compared to the levels 
in spayed female cats and male cats. Nevertheless, this finding should be inter-
preted with caution based on the overall low choline levels close to the lower limit 
of quantitation. We have no clear explanation for the rise in plasma free choline 
levels after spaying in female cats, but it may suggest an effect of oestrogen on ei-
ther choline uptake from the diet or on the conversion of choline to other metabo-
lites like acetylcholine, betaine or phosphatidylcholine. 

In contrast to what has been reported in humans, mice and rats, the PEMT activity 
tended to be lower in intact female cats than in male cats and spayed female cats. 
Unexpectedly, there was no higher PEMT activity in intact females before spaying, 
nor a decrease in PEMT related parameters after spaying. This is in contradiction 
to what is anticipated when oestrogens would up-regulate the PEMT pathway. The 
low PEMT activity in intact female cats may not have reached significance because 
of the large variation in activity between samples. This may be partly due to the 
relatively low signals in the respective assays, making them more susceptible to 
variation in background noise.
To further elucidate the activity of the PEMT pathway, PC 38:6 and PC 40:6 and 
the PC/PE ratio were evaluated. Phosphatidylcholine 38:6 and PC 40:6 are products 
of the PEMT pathway and therefore reflect indirectly the activity of this pathway.5,9 
The PC/PE ratio is also considered a proxy for the PEMT pathway although it may 
also be influenced by the rate of the PC and PE synthesis and breakdown by other 
pathways.8 It is suggested that the higher the PC/PE ratio, the higher the PEMT 
activity should be, as more PE would be converted to PC in the hepatocytes via 
three sequential steps of methylation.5,7,9 Also, in these indirect parameters, there 
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were no significant differences between the groups that could suggest an effect of 
oestrogen levels on activity of the PEMT pathway.  
As the study was performed in client-owned cats, a diet with recommended 
choline content and not a choline restricted diet was used. With sufficient choline 
in the diet to allow PC to be formed via the Kennedy pathway, the expression and 
activity of the PEMT pathway may not have been fully stimulated. However, as it 
has been demonstrated in humans, mice and rats, the PEMT pathway is also active 
with diets that contain sufficient choline for the specific species, contributing to 
20-40% of the PC produced.9-11

This study was performed in a relatively small series of animals. A power analysis
indicated that 6 cats per group would have been sufficient to evaluate the hormonal 
effect on the PEMT pathway. The power analysis was based on the assumption that 
changes needed to be large to be considered clinically relevant. Nevertheless, it
cannot be excluded that significant differences would be found with larger
numbers.
It is possible that the difference of prevalence of lipidosis in female cats compared
to male cats might be associated to a specific female lipid profile. Further evalua-
tion of lipid profiling of liver and plasma of healthy female and male cats before
and after spaying/neutering may help to clarify potential sex difference in cats.

Conclusion

Phosphatidylcholine synthesis in cats, when fed a recommended amount of cho-
line in the diet, seems to differ from what has been observed in humans, mice and 
rats, with no evidence of influence of sex hormones on the PEMT pathway. Cur-
rent recommendations for diet choline levels are adequate for spayed female cats 
and it is unlikely that castration predisposes cats for HL by causing PC deficiency 
as suggested in other species when recommended dietary choline level are pro-
vided.  
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Background
A link between lipid metabolism and disease has been recognized in cats. Since 
hepatic lipidosis is a frequent disorder in cats, the aim of the current study was to 
evaluate liver and plasma lipid dimorphism in healthy cats and the effects of 
gonadectomy on lipid profiling. From six female and six male cats plasma and liver 
lipid profiles before and after spaying/neutering were assessed and compared to 
five cats (three neutered male and two spayed female) diagnosed with hepatic 
lipidosis. 

Results
Intact female cats had a significantly lower level of plasma triacylglycerides (TAG) 
and a higher liver level of the long chain polyunsaturated fatty acid arachidonic 
acid (AA) compared to their neutered state. Both male and female cats with 
lipidosis had a higher liver, but not plasma TAG level and an increased level of 
plasma and liver sphingomyelin compared to the healthy cats. 
Conclusion: Although lipid dimorphism in healthy cats resembles that of other 
species, intact female cats show differences in metabolic configuration that could 
predispose them to develop hepatic lipidosis. The increased sphingomyelin levels 
in cats with lipidosis could suggest a potential role in the pathogenesis of hepatic 
lipidosis in cats. 

Key words
Lipid dimorphism, cats, feline hepatic lipidosis, sex hormones, sphingomyelin.
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In human medicine, the study and evaluation of lipid metabolites with the use of 
lipid profiling or “lipidomics” has become crucial in order to understand the role 
of lipids in the pathophysiology of lipid-related diseases.1,2 The role of lipids in the 
development and progression of numerous diseases in man, such as diabetes 
mellitus, obesity, non-alcoholic fatty liver disease (NAFLD), Alzheimer and 
arteriosclerosis is well recognised.3-5 The recognition of sex specific genetic 
dimorphism in lipid metabolism has helped to identify risk factors and to develop 
more specific and targeted therapies.6,7

Pre-menopausal women are considered to possess a more favourable (less pro-
coagulatory and less pro-atherogenic) plasma lipid profile compared to men and 
post-menopausal women, with lower plasma levels of triacylglyceride (TAG), total 
cholesterol (TC), and low density lipoprotein-cholesterol (LDL-C), and higher 
levels of high density lipoprotein-cholesterol (HDL-C).8-11  
Parallels in lipid profiles between species have been demonstrated. The essential 
fatty acid (FA) profile is known to vary considerably between males and females in 
humans, mice and rats, indicating that sex lipid dimorphism occurs in different 
species.12-20 When compared to their male counterpart, premenopausal women 
possess a higher percentage of the long chain polyunsaturated fatty acids (LCPUFA) 
arachidonic acid (AA 20:4 n-6) and docosahexaenoic acid (DHA, 22:6 n-3) in 
plasma and liver.20-22 Also in rats, LCPUFA levels in plasma and liver are higher in 
intact female rats compared to males, while this difference disappears after 
gonadectomy.18,20

In man, mice and rats LCPUFA are synthesised from the essential FAs linoleic acid 
(LA 18:2 n-6) and α-linolenic acid (ALA, 18:3 n-3) by the sequential activities of 
desaturases (Δ5, Δ6) and elongases.23,24 Oestrogen has been shown to stimulate the 
FA desaturase activities 20,25-29 and is also known to increase the activity of the 
hormone sensitive lipases, resulting in an increased level of circulating FA.28,29 
Furthermore, oestrogen appears to be involved in lowering the plasma 
concentration of TAG and very low density lipoprotein (VLDL) triglycerides in 
premenopausal females.17,30,31

In cats, the link between lipid metabolism and specific diseases has also been 
acknowledged. Conditions like Niemann-Pick in Siamese cats, obesity, diabetes 
mellitus, and hepatic lipidosis (HL) have been associated with an altered lipid 
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metabolism in cats.32,33 Hepatic lipidosis is considered one of the most common 
liver diseases in cats and is characterised by severe accumulation of triglycerides in 
the liver, resulting in an impaired liver function.34,35 The pathogenesis of HL in cats 
is still not completely elucidated. The strict carnivorous diet and the unique protein 
and lipid metabolism of cats have been indicated as important predisposing factors 
in cats.36 Cats, as other strict carnivores, possess a unique lipid metabolism, 
characterised by their limited ability, unlike other mammals, to synthesise AA 
from LA and eicosapentaenoic acid (EPA) and DHA from ALA due to limited 
desaturases Δ5 and Δ6 activities.37,38 
It has been reported that feline HL has no breed, age or sex predisposition 34,35, 
although in one study female cats have been reported to be more affected than 
their male counterparts.39 This seems to be in contrast with what is known in other 
species, where females, especially the premenopausal woman and intact female 
rats and mice, seem to be more protected from lipid related disease than the 
postmenopausal/spayed female and their male counterparts. If however, as has 
been suggested before, female cats are more susceptible to the development of HL 
compared to males, the answer could also be found in a unique sex related lipid 
profiling. 
The aim of the current study is to perform lipid profiling in intact and spayed/
neutered healthy cats fed with a common commercial diet and to evaluate the 
effect of gonadectomy on the liver and plasma lipid profiles. Additionally, we 
compare lipid profiles from healthy cats to those in cats affected by HL in an 
attempt to elucidate possible predisposing factors in the development of HL. 

Materials and methods 
This study was approved by the Committee for the Ethical Care of Animals of the 
Utrecht University. 

Healthy cats
The healthy cats and the study design, diet, blood collection, hormone 
measurements, anaesthesia and surgical procedure, and liver biopsy taking have 
been described previously.40 Plasma and pre and post spaying/neutering liver 
biopsies obtained in this study 40 were also used for analysis.
In summary, six intact females and six intact males client-owned cats admitted to 
the Department of Clinical Science of Companion Animals of the Faculty of 
Veterinary Medicine, Utrecht University (DCSCA) for spaying/neutering were 
considered for the study. Following confirmation of good health cats were neutered 
and spayed and a liver biopsy taken. The health status as well as blood parameters 
were evaluated again 4 weeks later during the second admission to the hospital 
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and before the additional liver biopsy was performed. A study diet was fed to all 
healthy cats recruited in the study for a total of 8 weeks, starting four weeks before 
the first admission to the hospital and terminating after the second blood and liver 
tissue sampling 4 weeks after the spaying/neutering surgery.  
For analysis and interpretation of the results, healthy cats were divided in four 
groups: intact males (before neutering, n=6), intact females (before spaying, n=6), 
spayed females (after spaying, n=6), neutered males (after neutering, n=6).

Cats with hepatic lipidosis
Cats admitted from January 2013 to January 2014 to the DCSCA with suspected 
HL based on clinical symptoms (anorexia, vomiting and icterus) were considered 
for this study. In all cats ultrasonography showed diffuse echodensity of the liver 
compatible with HL. Hepatic lipidosis was confirmed based on cytological 
evaluation of fine needle aspirates of the liver. Only cats that were euthanized due 
to deterioration despite intense treatment and/or financial constraints of the 
owner were enrolled in the study. Owners’ consent was asked to be signed prior to 
consideration of the cats for the study.  
In contrast to the healthy cats, cats with HL did not receive any special diet.
Plasma that remained from heparinised blood collected during hospitalisation for 
diagnostic and clinical monitoring was freshly stored at -70oC in cryogenic vials 
(Corning Inc., Corning NY, USA) for lipidomics analysis.
In cats with HL two wedge liver biopsies were immediately collected post-mortem 
via laparotomy. As reported before (Valtolina et al) one sample was fixated in 4% 
neutral-buffered formalin and the other liver biopsy was rinsed in normal saline 
(NaCl 0.9%), rapidly frozen in liquid nitrogen and then stored at -80°C. The latter 
was used for the lipidomics analysis.

Lipidomics analysis 
For the lipidomic analyses the liver biopsies of the healthy cats pre- and post 
spaying/neutering and of the cats with HL were re-suspended in 350 µL of buffer 
A (250 mM sucrose 0.2 mM EDTA, 5 mM DTT, and 10 mM Tris/HCl pH 8.0) and 
homogenized by mechanical disruption with a pestle tightly fitting to an Eppendorf 
tube followed by sonication (10 sec, amplitude 10 µm). Protein was determined in 
the homogenates by the BCA method Pierce® BCA protein assay kit (Thermo 
scientific, Rockford, IL, USA) with BSA as standard. 
To 100 µl of homogenized liver biopsy or 100 µL of plasma, 200 pmol of tri-penta-
decanoylglycerol (TAG 45:0) and 100 pmol of di-linolenoyl phosphatidylcholine 
(PC (18:3, 18:3)) were added as internal standards. Subsequently, lipids were 
extracted and separated in a neutral and phospholipid fraction by fractionation on 
a silica-G column as described 41. In short, lipid extracts were dissolved in 
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methanol/chloroform (1/9, v/v) and loaded on top of the silica column. Neutral 
lipids were eluted with two volumes acetone, dried under nitrogen gas and stored 
at -20°C. In the neutral fraction, TAG species, cholesterol, cholesterol esters (CE), 
and retinyl esters (RE) were determined by HPLC-MS as described.41 Typically, 
just before HPLC-MS analysis, the neutral lipid fraction was reconstituted in 
methanol/chloroform (1/1, v/v) and separated on a Lichrospher RP18-e column 
(5 μm, 250 x 4.6 mm; Merck, Darmstadt, Germany). A gradient was generated 
from acetonitrile to acetone/chloroform 85/15, v/v, at a constant flow rate of 1 ml/
min.  Mass spectrometry of lipids was performed using Atmospheric Pressure 
Chemical Ionization (APCI) on a Biosystems API-4000 Q-trap (MDS Sciex, 
Concord, Canada). The system was controlled by Analyst version 1.4.2 software 
(MDS Sciex, Concord, ON, Canada) and operated in positive ion mode. Full scan 
runs spectra were obtained from m/z 250-1100. Total TAG was determined by 
quantitating all ions between m/z 530 and 1050 with a retention time of TAG 
species and corrected for the presence of second and third isotope peaks. The 
percentage of TAG 56:6/7 was determined by quantitation of the ions with a m/z 
905 and 907. TAG unsat/sat ratio was calculated after quantitiation of the ions with 
a m/z of 853 (TAG52:5), 879 (TAG54:6), 859 (TAG 52:2) and 885 (TAG54:3).   
In the phospholipid fraction, sphingomyelin (SM) and PC species were determined 
as described.42 The phospholipid fraction was dissolved in chloroform/methanol 
(1:1, v/v), and PC and SM molecular species were separated LiChrospher 100 
RP18-e column (Merck), with a mobile phase of acetonitrile/methanol/tri-
ethylamine (25:24:1, v/v/v). Identification of molecular species was performed by 
on-line tandem mass spectrometry in the positive-ion mode on an API 4000 Q 
Trap mass spectrometer fitted with an electrospray ionization source (Sciex) by 
precursor scans of 184 m/z (choline head group).
Data analysis was performed using Analyst 1.4.2 software (MDS Sciex, Concord, 
ON, Canada) and calibration curves of all lipid classes were established under 
similar conditions as the samples.

Statistical analysis
Healthy cats, pre versus post spaying/neutering 
The outcome variables TAG, TAG unsat/sat, TAG56:6/7, cholesterol, cholesterol 
ester, total PC, PC species (% of total PC) and SM were respectively analysed using 
a linear mixed model with the cat identification as random effect to take repeated 
observations within the subject into account. “Time” (before/after spaying/
neutering) and “gender” (male/female) and the interaction between time and 
gender were used as explanatory variables. The Akaike Information Criterion 
(AIC) was used to select the best model. Residuals plots were used to assess the 
validity of the model by visual inspection of the QQ-plot of residuals for normality 
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and scatterplots of residuals versus predicted values for constant variance.
Some outcome variables (liver TAG sat/unsat; plasma PC 34:1) were log 
transformed to meet the model assumptions normality and constant variance. In 
this model we also could take the correlation between observations into account.
If data were not normally distributed, neither after log transformation (liver TAG 
56:6/7; liver PC 38:6; plasma TAG sat/unsat), a nonparametric Kruskall and Wallis 
test was applied to assess the difference in means between groups of combined 
gender and time (preMale, preFemale, postMale en postFemale respectively) and 
a non-parametric Wilcoxon test was applied to assess the difference within genders 
between both times. Unfortunately this model was not able to take the correlation 
between observations into account.
In order to identify factors involved in the variation in liver TAG levels in the 
healthy cats a Pearson correlation analysis was performed.

Healthy cats versus cats with hepatic lipidosis
Comparison between the mean of the respective outcomes of the healthy cats after 
spaying/neutering and cats with HL were calculated with the independent Student’s 
T-test. 
P-value <0.05 was used to assess statistical significance. Results are expressed as 
mean and standard deviation (SD), if not stated otherwise.
Data analysis was performed using IBM SPSS 22 statistic software (IBM 
Corporation Armonk, NY, USA).

Results 

Animal’s characterization
A description of the healthy cats has been previously reported.40 In summary, six 
healthy females (20.5 (6.0 – 84.0 months); 3.0 (2.6 – 3.9) kg; (median (range)) and 
six healthy males (7.0 (6.0 – 9.0) months; 4.0 (3.5 – 4.5) kg; (median (range)) were 
enrolled in this study Results of the CBC, biochemistry and coagulation profile of 
all 12 cats were within reference intervals. Both oestrogen in the female group (P= 
0.041) and testosterone in the male group (P= 0.001) dropped significantly 
confirming successful gonadectomy.40

Histological evaluation of the liver biopsies performed in the healthy cats (pre and 
post spaying/neutering) at 4 weeks and at 8 weeks after the beginning of admini-
stration of the diet, revealed no histological changes compatible with HL or any 
other pathological change in any of the healthy cats.40

Two spayed females (50.0 and 52.0 months; 3.5 kg and 4.5 kg, respectively), and 
three neutered males (38.0, 40.0, and 48.0 months; 3.0, 4.0, and 4.3 kg, respectively) 
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with HL were enrolled in this study. During a period of one month to three days 
prior to admittance cats showed clinical signs consisting of, but not limited to, 
lethargy, anorexia, vomiting, and weight loss. Diagnosis of HL during life was 
confirmed with cytological examination of liver fine needle aspirates performed 
by a diplomate in European College of Veterinary Clinical Pathology.

Lipid profiles 
Healthy cats, pre- and post-spaying/neutering
Plasma level of TAG was almost one-and-a-half-fold lower (P = 0.017) in intact 
female cats compared to intact male cats (Table 1). There was also a significant 
difference of the plasma level of TAG between males pre and post neutering, where 
neutered male cats had higher plasma levels of TAG compared to the intact males 
(P = 0.033). 
In contrast, intact female cats had two-fold higher TAG levels in the liver compared 
to intact males (Table 1). Due to a large variation, this difference did not reach 
statistical significance (P = 0.17). After castration the TAG liver levels in the female 
cats dropped, but were still higher (but not significant), compared to the TAG 
levels in castrated males (Table 1).

Table 1.  Effect of sex hormones and spaying/neutering on liver and plasma lipids of healthy cats (means ± SD).

Liver Plasma 

Group 1
Male 
intact

(n = 6)

Group 2
Male 

neutered
(n = 6)

Group 3
Female 
intact

(n = 6)

Group 4
Female 
spayed
(n = 6)

Group 1
Male intact

(n = 6)

Group 2
Male 

neutered
(n = 6)

Group 3
Female 
intact

(n = 6)

Group 4
Female 
spayed
(n = 6)

Total TAG1

(nmol/mg prot)
(mmol/l)

51 ± 35 58 ± 45 99 ± 70 78 ± 52 0.22 ± 0.05abc 0.30 ± 0.10 abc 0.15 ± 0.03 ac 0.14 ± 0.05 ac

TAG 56:6/72 (%) 0.6 ± 0.2 0.8 ± 0.4 0.7 ± 0.1 b 0.5 ± 0.1b 0.7 ± 0.3 0.8 ± 0.3 0.8 ± 0.2 0.7 ± 0.2

TAG unsat/sat3 1.0 ± 0.3 1.1 ± 0.4 1.1 ± 0.4 0.8 ± 0.3 1.8 ± 0.4 1.8 ± 0.2 2.0 ± 0.6 1.8 ± 0.4

Cholesterol
(rel. units) 13.1 ± 1.7 14.2 ± 1.3 15.3 ± 1.6 13.6 ± 2.0 8.9 ± 0.7 9.9 ± 1.2 9.3 ± 1.1 9.0 ± 0.6

Cholesterol ester 
(rel. units) 7.8 ± 2.9 7.6 ± 2.6 10.3 ± 4.6 9.1 ± 3.0 61 ± 8 62 ± 10 56 ± 6 59 ± 3

Total PC4

(nmol/mg prot)
(mmol/l)

24.2 ± 3.8 24.1 ± 3.2 27.5 ± 3.1 24.1 ± 2.3 0.16 ± 0.02 0.17 ± 0.03 0.15 ± 0.03 0.15 ± 0.03

SM5 16:0
(% of PC) 3.8 ± 0.8 3.8 ± 0.5 3.4 ± 0.9 3.9 ± 0.8 7.4 ± 0.7 6.9 ± 0.5 7.4 ± 0.7 7.5 ± 1.1

1. TAG = triacylglycerol
2.  TAG 56:6/7 = TAG containing relative long unsatured 

acyl chains
3.  TAG unsat/sat = the ratio between TAG with 5 or 6 

double bonds versus 2 or 3 double bonds

4. PC = phosphatidylcholine 
5. SM = sphingomyelin (SM) 
a  P < 0.05 male vs female (gender)
b = P < 0.05 intact vs spayed/neutered (time)
c = P < 0.05 interaction between gender and time 
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The Pearson correlation analysis demonstrated the highest ranked correlations for 
liver TAG levels with PC 36:4 in both the liver and plasma (r = +0.62; P = 0.001 for 
liver PC36:4, and r = +0.540; P = 0.006 for plasma PC36:4). A significant positive 
correlation (r) of liver TAG levels with liver cholesterol esters was also observed (r 
= +0.59; P = 0.003), but no significant correlation was found between plasma and 
liver TAG levels (r = - 0.19; P = 0.39).
The total levels of PC in plasma and liver did not differ significantly between male 
and female cats, both before and after spaying /neutering (Table 1). The overall 
species profile of PC in plasma was similar to that in liver tissue (Fig. 1). The most 
abundant PC species were PC34:2 and PC36:2, both predominantly containing 
linoleic acid (18:2) in combination with palmitic acid (16:0) (PC34:2) or stearic 
acid (18:0) (PC36:2). There were differences in PC species profiles between the 
male and female cats before and after spaying/neutering (Fig. 1). The most 
significant differences in PC species between female and male cats were with those 
with an AA (20:4). The sum of the percentage of PC containing LCPUFA AA, 
PC36:4 and PC38:4, in intact female cats were significantly (P < 0.01 and P < 0.002, 
respectively) higher in both plasma (21.8 ± 1.6 %) and liver (22.2 ± 2.3 %),  
compared to male (plasma: 18.2 ± 1.7 %; liver: 17.1 ± 1.4 %) (Fig. 1 and 2).  

Figure 1. Effect of sex (gender), 
spaying/neutering (time) and 
their interaction (gender x time) 
on species distribution of 
phosphatidylcholine (means ± SD)

The major phosphatidylcholine (PC) 
species were determined in liver  
biopsies (Fig 1A) and plasma (Fig 1B). 

PC36:4 and PC38:4 contain 
arachidonic acid (20:4) 
PC38:6 and PC40:6 contain 
docosahexaenoic acid (22:6). 

a = P < 0.05 male vs female (gender),
b =  P < 0.05 intact vs spayed/neutered  

(time)
c =  P < 0.05 interaction between  

gender and time
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These percentages were also higher in both plasma and liver of intact female cats 
were compared to spayed female cats (plasma:19.5 ± 2.7 %; 20.2± 1.2 % liver), 
however the differences were not statistically significant (P < 0.08 and P < 0.1 
respectively) (Fig. 1 and 2). The lower levels of AA-containing PC species in intact 
male cats coincided with higher levels of PC34:1 and PC36:3, predominantly 
containing non-PUFAs (16:0, 18:1, and 18:2). Phosphatidylcholine species with 
another abundant LCPUFA, i.e. DHA (22:6 n-3), PC38:6 and PC40:6, did not 
differ between intact males and females and castrated males and females. After 
spaying/neutering, the levels of PC36:4 dropped significantly in female cats and 
increased significantly in male cats (Fig. 1 and 2), resulting in similar levels of the 
AA-containing PCs in male and female cats after spaying/neutering.

Healthy cats versus cats with hepatic lipidosis 
The cats with HL had the same level of plasma TAG as the healthy spayed/neutered 
cats, but an almost ten-fold higher level of TAG in the liver (P = 0.004) (Table 2). 
The levels of AA-containing PC species (36:4; 38:4), which were found to correlate 
positively with the liver TAG levels in healthy cats, were not higher in the HL cats 
and were even lower for PC 38:4 in the liver (see Table 2). Sphingomyelin (SM) 
(16:0) as a percentage of total PC, was significantly higher (two-fold) both in 
plasma and in liver when compared to the healthy cats.
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Figure 2. Effect of sex and castration on palmitoyl-arachidonoyl-phosphatidylcholine (PC36:4).
The phosphatidylcholine (16:0, 20:4) species (PC36:4) were determined in liver biopsies from 6 cats 
per group. Significant differences were present in liver PC 36:4 between male and female cats (gender) 
and between male cats pre and post neutering and female cats pre and post spaying. Notice how 
in the male cats, neutering increases the PC 36:4 liver values. In female cats, spaying decreases the 
PC 36:4 liver values. # intact cat had low estrogen level.



81

Discussion

Butterwick et al. has reported no important differences in plasma lipid and 
lipoprotein concentrations between sexually intact females and males or between 
sexually intact and castrated males have been demonstrated.43 However, as sexual 
dimorphism in the lipid metabolism has been demonstrated so clearly in different 
species, we wanted to explore this further in cats. In a recent study we were unable 
to demonstrate significant differences in liver PC levels between male and female 
cats pre- and post- spaying/neutering and a lack of evident influence of sex hor-

Liver Plasma
Cats

spayed/neutered 
(n=12)

HL cats
(n=5)

Cats
spayed/neutered 

(n=12)

HL cats
(n=5)

Total TAG1

(nmol/mg prot)
(mmol/l)

68 ± 48 584 ± 277a 0.22 ± 0.11 0.40 ± 0.25

 %TAG 56:6/72 0.7 ± 0.3 1.0 ± 0.3a 0.8 ± 0.3 1.8 ± 1.4

TAG unsat/sat3 1.0 ± 0.4 1.0 ± 0.7 1.8 ± 0.3 1.0 ± 0.7

Total PC4

(nmol/mg prot)
(mmol/l) 24.1 ± 2.7 10.2 ± 5.0 a

0.16 ± 0.03 0.16 ± 0.04

% PC4 34:2 16.9 ± 2.4 20.7 ± 4.0 18.3 ± 2.2 19.3 ± 1.9

% PC 34:1 8.2 ± 1.3 12.5 ± 4.3 6.4 ± 1.6 12.8 ± 7.0

% PC 36:4 6.6 ± 0.6 5.3 ± 1.5 7.1 ± 1.0 5.8 ± 2.0

% PC 36:3 8.4 ± 1.4 6.4 ± 2.5 11.0 ± 2.0 8.4 ± 2.3a

% PC 36:2 24.0 ± 2.5 24.0 ± 6.2 22.6 ± 1.6 22.8 ± 3.0

% PC 36:1 10.6 ± 1.1 11.6 ± 3.6 8.4 ± 0.9 10.2 ± 2.7

% PC 38:4 13.6 ± 1.7 8.8 ± 3.9 a 11.8 ± 2.2 10.0 ± 3.2

% PC 38:6 3.8 ± 1.1 3.7 ± 1.7 4.2 ± 1.4 4.0 ± 1.5

% PC 40:6 4.0 ± 1.6 3.7 ± 2.0 4.2 ± 1.6 3.7 ± 2.0

SM 16:05

(% of PC) 3.8 ± 0.6 8.0 ± 3.5 a 7.2 ± 0.9 14.2 ± 6.4a

Table 2.  Comparison of liver and plasma lipids between healthy and cats with hepatic lipidosis (HL) 
1. TAG = triacylglycerol
2.  TAG 56:6/7 = TAG containing relative long 

unsatured acyl chains
3.  TAG unsat/sat = the ratio between TAG with 5 or 6 

double bonds versus 2 or 3 double bonds

4. PC = phosphatidylcholine 
5. SM = sphingomyelin (SM) 
a = P < 0.005 HL vs healthy cats

4: Sex specific differences in hepatic and plasma lipid profiles in healthy cats pre and post spaying and neutering: relationship with feline hepatic lipidosis.



Pathophysiologic Aspects of Feline Hepatic Lipidosis 

82

mones on the PC synthesis by the phosphatidylethanolamine N-methyltransferase 
(PEMT) pathway.40 However, other lipid factors might be involved if a potential 
sexual dimorphism in cats exists. To evaluate if a sexual dimorphism could still be 
established and if differences could be related to HL, we evaluated in this study the 
lipid profile in cats in more detail. 
Intact female cats have significantly lower TAG levels in plasma compared to their 
male counterparts, similarly to premenopausal women, intact female rats and 
mice.12-14,18,19  However, this difference was not reversed by spaying but rather en-
hanced due to a rise in the plasma TAG level in male cats after neutering. 
Although not significant possibly due to large variation, the liver TAG levels were 
lower in male cats compared to female cats. The significantly higher plasma TAG 
levels in male cats may be related to a higher rate of apolipoprotein B and VLDL 
synthesis by hepatocytes in male cats 30,31, as the TAG levels in plasma most likely 
reflect the VLDL fraction44 . Also a reduced plasma clearance of VLDL triglyceride 
in male cats compared to their female counterparts cannot be excluded. 
Interestingly, in premenopausal women a lower concentration of VLDL-TAG and 
LDL particles compared to men seems to be associated with accelerated (rather 
than reduced) VLDL-TAG and LDL production and increased plasma 
clearance.30,31,45-48 Our observations warrant further studies into gender specific 
VLDL secretion/breakdown in cats.
The results of the lipidomic analysis in the cats with HL in this study confirm 
findings in previous studies analysing lipids in liver and in plasma.49,50 We also 
observed that cats with HL have significantly higher TAG levels in their liver. 
However, in our study cats with HL had no significantly different plasma TAG 
levels compared to healthy cats, whereas in other studies high plasma TAG levels 
in cats with HL have been described.39,49,50

The secretion of VLDL in HL may prevent lipid accumulation in the liver by 
exporting the surplus TAG and it can be stimulated by higher levels of TAG in the 
liver of cats with lipidosis.44 However, the results in the cats with HL suggest there 
may be a maximum capacity of the liver in cats to secrete VLDL, so that no further 
increase in plasma VLDL is observed in association with high liver TAG levels.51 
Intact female cats have a higher content of LCPUFA AA (20:4 n-6) in PC in both 
plasma and liver tissue, when compared to spayed female and the male counterparts. 
This finding is similar to what has been reported in premenopausal women, intact 
female rats and mice.12-14,18,19 However, in contrast to what has been reported in 
these species, PC levels containing LCPUFA DHA (22:6 n-3) were not elevated in 
intact female cats.18,21,52,53 Despite this difference, there seems an influence of sex 
hormones on the profile of PC species in cats likely as the differences between the 
sexes disappeared after spaying/neutering.
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In humans, the increased LCPUFA levels appear to be related to an oestrogen 
effect on FA desaturase activity via increased expression of Δ5 and Δ6 
desaturase.18,25,26 Although cats were believed to have low Δ5 and Δ6 desaturase 
activity 38,54, in a more recent study cats were able to synthetize AA, but not DHA, 
from the substrate γ-linolenic acid (18:3 n−6) via Δ5 desaturase, bypassing the Δ6 
desaturase step.37 This is supported by findings in this study as the primary increase 
in AA but not DHA levels in the liver of intact female cats compared to the male 
and spayed female counterparts might also suggest a possible role of Δ5 desaturases. 
 In humans and mice the higher LCPUFA levels may protect against the 
development of HL via the so-called “fuel partitioning action” of LCPUFA.55-57 
Long chain polyunsaturated fatty acids favour FA oxidation over TAG storage and 
they direct glucose away from FA synthesis by facilitating glycogen synthesis. 
However, the n-3 LCPUFA species (i.e. DHA), rather than the n-6 LCPUFA (i.e. 
AA), are mainly responsible for these effects via the activation of the peroxisome 
proliferating receptors (PPARs) in liver and adipose tissue. 57-60 The low liver levels 
of n-3 LCPUFA in the intact female cats may suggest less resistance to HL 
compared to females of other species.
In contrast to what it would be expected, in the cats with HL in this study, we did 
not find direct evidence for an increase in the n-6/n-3 ratio as indeed, the AA-
containing PC 38:4 in cats with HL was even significantly lower compared to 
healthy cats and there was no difference in n-3 LCPUFA between HL and healthy 
cats.  In cats with HL a lower percentages of the LCPUFA (i.e. AA) in the liver have 
been demonstrated before.49,50

Sphingomyelin, a membrane lipid primarily present in the membranous myelin 
sheath that surrounds nerve cell axons, and its relation in the development of 
steatosis has been observed in different animal models of obesity and fatty liver.61,62 
The increased synthesis of SM in livers affected by NAFLD promotes hepatic 
insulin resistance, hepatocyte apoptosis, an increased release of inflammatory 
mediators, and ceramide accumulation in peripheral tissues.63 The increased SM 
concentrations, both in liver and in plasma, in our cats with HL warrants further 
study in order to understand the potential role of SM in feline HL.

Conclusions

Although some differences are found, the sexual dimorphism in the hepatic and 
plasma lipid profile of healthy cats resembles observations in other species with 
lower plasma TAG levels and increased plasma and liver AA in intact females 

4: Sex specific differences in hepatic and plasma lipid profiles in healthy cats pre and post spaying and neutering: relationship with feline hepatic lipidosis.
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compared to males. However, the higher plasma and liver levels of AA but not 
DHA could predispose intact female cats for HL. Also spaying of female cats may 
not increase the risk for HL.
In contrast to previous studies, the higher liver but not plasma TAG levels in cats 
with HL compared to healthy cats could suggest a maximum capacity for liver 
excretion of VLDL. The increased liver and plasma SM concentration in cats with 
HL compared to healthy cats could indicate a novel mechanism in the development 
of HL in cats.
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Objectives
To evaluate if de novo hepatic lipid synthesis contributes to fatty acids overload in 
the liver of cats with feline hepatic lipidosis (FHL) .

Methods
Lipogenic gene expression of peroxisome proliferator-activated receptor-α 
(PPAR-α), peroxisome proliferator-activated receptor-γ (PPAR-γ), fatty acid 
synthetase (FAS), and sterol regulatory element-binding factor (SREBF), were 
evaluated using qRT-PCR in liver tissue of six cats with feline hepatic lipidosis and 
compared to liver tissue of eight healthy cats.

Results
In liver tissue the PPAR-α, PPAR-γ, and FAS mRNA expression levels were not 
significantly different (p >0.12; p >0.89; p >0.5, respectively) in the FHL group 
compared to the control group. SREBF gene expression was around 10-times 
down regulated in the FHL group compared to the control group (p =0.039)
Conclusions and relevance: The result of our study with the downregulation of 
SREBF in liver tissue of cats with FHL, does not support the hypothesis that de 
novo lipogenesis in the liver is an important pathway of fatty acids accumulation 
in feline hepatic lipidosis.

Keywords
Feline hepatic lipidosis, de novo lipogenesis, SREBP-1c, qRT-PCR 
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Feline hepatic lipidosis (FHL) is considered the most common hepatobiliary 
disease in cats and is characterized by the accumulation of excessive triglycerides 
(TGs) in more than 80% of the hepatocytes, resulting in liver dysfunction and 
cholestasis.1-4 The pathophysiology of FHL is complex and the recent literature has 
highlighted how FHL results from multiple alterations in the pathways involved in 
the hepatic uptake of fatty acid (FA), lipoprotein and glucose, TGs degradation 
and FA oxidation, and lipoprotein secretion in the form of very low density 
lipoproteins (VLDL).1,3-5 De novo TGs synthesis in the liver could cause part of the 
hepatic FAs load and may further exacerbate liver fat accumulation.4-6

De novo lipogenesis (DNL) is a complex and highly regulated metabolic pathway.7,8 
In normal conditions DNL converts excess carbohydrate into FAs, that are then 
esterified to storage triacylglycerols (TGs). The main product of DNL is palmitic 
acid (C16:0). Palmitic acid can be desaturated by stearoyl-CoA desaturase-1 
(SCD-1) to produce palmitoleic acid or it can be elongated to yield stearic acid 
(C18:0) and other shorter fatty acids.8-10 
In healthy humans, DNL is active in both liver and adipose tissue, whereas  in 
healthy cats the adipose tissue is primarily involved, while the liver plays a 
secondary role. Furthermore, while glucose is the precursor for DNL in humans, 
in cats the substrate to form the FA palmitate is acetate.3,11-13 De novo lipogenesis is 
considered to be a minor contributor to lipid formation and lipid homeostasis in 
healthy individuals.14-17

However in man, hepatic DNL has been demonstrated to contribute to liver 
steatosis in different metabolic diseases that cause deregulation of the lipogenic 
pathways, like obesity, diabetes type II and non-alcoholic fatty liver disease 
(NAFLD).18-22

The adipogenic transformation of hepatocytes, with the expression of gene profiles 
characteristic of healthy adipose tissue, contributes to liver overload with excess 
free FAs (FFAs).8,23,24 De novo lipogenesis has been demonstrated to contribute up 
to 26% of FFAs that accumulate in the liver of patients with NAFLD.8,10,25 

The role of the molecular mediators of lipogenesis in NAFLD has recently been 
reviewed.26  Sterol regulatory element-binding protein-1c  has been defined as the 
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pivotal controller of lipid biosynthesis and main regulator of the expression of 
several genes involved in lipogenesis. 27-30 In NAFLD and obese patients, elevated 
de novo hepatic FAs synthesis and secondary TGs accumulation in the liver has 
been reported being secondary to an increased mRNA expression in the hepatic 
SREBP-1c. Increased  SREBP-1c by inducing lipogenic genes expression such as 
fatty acid synthetase (FAS) and peroxisome proliferator-activated receptor-γ 
(PPAR-γ) and suppressing the mRNA expression of peroxisome proliferator-
activated receptor-α (PPAR-α), favours hepatic lipogenesis over FA oxidation and 
lead to steatosis. 28-33 In patients with NAFLD, the increased expression of SREBP-1c 
in NAFLD suppresses PPAR-α, further inhibiting carnitine-palmitoyl transferase 1 
(CPT-1 ) and FAs β-oxidation.31

The role of DNL in the development of HL, has been evaluated in the American 
Mink (Neovison vison), an obligated carnivore often used as an experimental 
animal model for NAFLD. 12,13 These animals share physiological similarities with 
the domestic cat and  they can easily develop HL  after a short period of 
anorexia.4,5,13,34 In a recent study evaluating mRNA expression of lipogenic genes in 
the liver of Mink with HL, Rouvinen-Watt et al. confirmed that liver steatosis is 
partially secondary to the activation of the hepatic DNL.13

The concept that hepatic DNL could contribute to liver FAs overload in cats with 
hepatic lipidosis (HL) was for the first time introduced by Hall et al. in their study 
on the lipid composition of hepatic and adipose tissue in cats with FHL.35 The  fatty 
acid composition of visceral adipose tissue and of the liver of cats with HL revealed 
greater percentages of palmitate and monounsaturated fatty acids (MUFA) 
compared to healthy controls. The increased hepatic concentrations of palmitate 
in cats with HL compared to healthy cats supported the hypothesis that some de 
novo synthesis of fatty acids occurs both in the liver and adipose tissue of cats with 
HL.35 Furthermore in FHL, acetate, like other ketone bodies, is increased as a 
result of a more complex catabolic state that includes increased insulin resistance, 
and decreased tolerance to glucose. 5,11,36 The increased acetate in liver of cats with 
FHL constitutes a potential excess substrate for hepatic DNL, contributing and 
worsening hepatic FAs overload.

To date, the concept of adipogenic transformation of hepatocytes and its 
contribution to hepatic FA accumulation has not been adequately evaluated in 
cats.
The aim of the present study was to evaluate adipogenic transformation of 
hepatocytes and de novo lipid synthesis  by determination of lipogenic gene 
expression of PPAR-α, PPAR-γ, FAS, and sterol regulatory element-binding factor 
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((SREBF) equivalent in function to SREBP-1c) using qRT-PCR in liver tissue of 
cats with FHL. 

Materials And Methods

This study was approved by the Committee for the Ethical Care of Animals of the 
Utrecht University. Written, informed consent was obtained from all cat owners 
prior to study enrolment of the cats.

Animals
Cats admitted from January 2014 to January 2015 to the Department of Clinical 
Science of Companion Animals of the Faculty of Veterinary Medicine, Utrecht 
University (DCSCA) diagnosed with HL based on clinical symptoms (anorexia, 
vomiting and icterus), ultrasonography finding (diffuse echodensity of the liver) 
and cytological evaluation of fine needle aspirates of the liver consistent with FHL, 
were considered for the study. Only cats that were euthanized due to deterioration 
of their clinical condition despite intense treatment and/or because of financial 
constraints, were enrolled in the study. 
In cats with FHL wedge liver biopsies were immediately collected post-mortem 
via laparotomy. The biopsies were rinsed in normal saline (NaCl 0.9%), rapidly 
frozen in liquid nitrogen and then stored at -80°C. The latter has been used to 
perform qRT-PCR. 
Aged matched liver biopsies of eight healthy cats were used as controls. These liver 
biopsies were retrieved from surplus material from a study on the effect of 
administration of Vitamin A on skeletal and hepatic tissue as part of the University’s 
3R-policy.37 Good health in these cats was based on a normal physical examination 
and haematological, biochemical and coagulation parameters within the reference 
ranges. In this study, percutaneous ultrasound-guided liver biopsies were taken 
with a 16 gauge, 20 cm long biopsy needle (Pro*Mag Biopsy Needle; Argon 
Medical Devices Inc., Athens, Texas, United States of America) under general 
anaesthesia. The liver biopsies were snap frozen in liquid nitrogen and then stored 
at -80°C.  

RNA isolation, reverse transcription and quantitative reverse transcriptase 
PCR
Total RNA was isolated from liver tissue using RNeasy Mini Kit (Qiagen, Leusden, 
The Netherlands) according to the manufacturer’s instructions. An on-column 
DNase-I (QIAFEB, RNase-free DNase kit) treatment was included to avoid 
contamination with residual genomic DNA. RNA concentrations and quality were 
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measured spectrophotometrically using the Nanodrop ND-1000 (Isogen Life 
Science BV, IJsselstein, The Netherlands). RNA integrity was checked on a 
Bioanalyzer 2100 (Agilent Technologies, Amstelveen, The Netherlands). The RNA 
integrity number of all samples exceeded seven. Per sample at least 3 µg of RNA 
was used for further processing. From all RNA samples cDNA was synthesized 
with the iScriptTM cDNA Synthesis Kit (Bio-Rad, Veenendaal, The Netherlands) 
containing both oligo-dT and random hexamer primers to ensure that the cDNA 
levels were reliably representing the mRNA levels. Around 600 ng of RNA was 
incubated with iScript reaction mix, iScript reverse transcriptase and nuclease free 
water at 42°C for 30 min, in a 60 μl reaction volume.

As required under MIQE-precise expression stability of the reference genes was 
evaluated and a combination of ribosomal protein S5 (RPS5), β -glucuronidase 
(GUSB), and tyrosine 3-monooxygenase/tryptophan 5-momooxygenase acti-
vation protein zeta isoform (YWHAZ) was optimal.38 Primer sequences for specific 
sequence-confirmed amplicons and optimal annealing temperature are described 
in Table 1. The qRT-PCRs were performed in duplicate using the Bio-Rad detection 
system. 

Table 1: Primers for FAS, PPAR-γ, SREBF and PPAR-α. Sequences based on Kruitwagen et al. and 
Penning et al.50,51 

FAS: fatty acid synthetase; PPAR-γ: peroxisome proliferator-activated receptor-γ, SREBF: sterol regulatory 
element-binding factor; PPAR-α: peroxisome proliferator-activated receptor-α; RPS5: ribosomal protein S5; 
GUSB: β -glucuronidase; YWHAZ: tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein zeta

name  primer 5'-->3' annealing Temp (0C) amplicon size (bp)

FAS F: GAAATCGGCAAATTCGACCT 65 115

R: CTGTTCCCACCTTCATCCA

PPARγ F: TGTGACCTTAACTGTCGTATCC 66-67 134

R: CTTCTCTTTCTCCGCCTGTG

SREBF F: CGTTTCTTCGTGGATGGG
R:ACAAATTCAGTGCTGCTC 63 140

PPARα F: GACAAATGTGACCGTAGCTG 60 109

R: AAACGAATTGCGTTATGGGA

RPS5 F: CAGGTCTTGGTGAATGCG 58 129

R: CCAGATGGCCTGATTCAC

GUSB F: TGACATCACCATCAGCACCAGC 67 114

R: GCCTTCCTCATCCAGAAGACGC

YWHAZ F:GAAGAGTCCTACAAAGACAGCACGC 65 115

R: AATTTTCCCCTCCTTCTCCTGC
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Amplifications were carried out in a volume of 25 μl containing 12.5 μl of 2xSYBR 
green supermix (BioRad), 0.4 µM of forward and reverse primer and 1 μl cDNA 
and milliQ water. Cycling conditions included: denaturation at 95 °C for 3 minutes, 
followed by 45 cycles of denaturation (95 °C for 10 s), and amplicon-specific 
annealing temperature for 30 s. A melt curve analysis was performed for every 
reaction to verify amplicon specificity. IQ5 Real-Time PCR detection system 
software (BioRad) was used for data analysis. A no template control was also run 
in duplicate with each plate as a negative control. Expression levels were calculated 
taken the PCR efficiency into account, the PCR efficiency was always between 96-
106%.

Data are reported as median (range). The Mann–Whitney U-Test was used to 
determine significance for qRT-PCR results between groups with statistical 
significance being set at p <0.05.
   
  
Results

Animals
The FHL group consisted of six client-owned cats (four male castrated, one male 
intact and one female sterilised) that fitted the inclusion criteria for the study. 
Three cats were European short hair, two Main Coon, one Norwegian forest cat 
and one Turkish Angora. Median age was 4 years and 4 months (range 2– 8.5 
years) and median body weight was 4 kg (range 3-6.7 kg). Anorexia, lethargy and 
icterus were the major problems for which 5/6 cats were referred to the DCSCA. 
One cat was admitted for dyspnoea secondary to chronic traumatic diaphragmatic 
rupture and developed HL while in hospital. 
The control group consisted of 6 castrated males and 2 intact males cats. They all were 
European short air cats. Median age was 4 years and 3 months (range 1.5– 7 years) and 
median body weight was 4.6 kg (range 3-6.3 kg).

Lipogenic gene expression
In liver tissue the PPAR-α, PPAR-γ, and FAS mRNA expression levels were not sig-
nificantly different (p >0.12; p >0.89; p >0.5, respectively) in the FHL group compared 
to the control group (Figure 1). SREBF gene expression was around 10-times down 
regulated in the FHL group compared to the control group (p =0.039)(Figure 1).
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Discussion

In humans in situations of metabolic dysregulation, DNL has been suggested to be 
abnormally increased and contributes to the pathogenesis of liver steatosis in 
diseases like obesity and NAFLD. 10,20-22 The increased DNL is characterised by the 
presence of FA palmitate, the primary product of de novo FA synthesis, and the 
MUFA palmitoleic acid synthesized from palmitate by the action of the enzyme 
Stearoyl-CoA desaturase-1 (SCD-1).9,10 

In cats with FHL a higher concentration of palmitate and MUFA were found both 
in the visceral adipose tissue and liver, when compared to healthy cats.35 This 
finding was suggestive for an increased DNL in visceral adipose tissue and most 
likely also in the liver as part of the pathophysiologic mechanism of liver steatosis, 
contributing and worsening FAs liver overload.35

Figure 1: Presented are median, first quartile (box) and range (whiskers). The expression per gene is 
related to the average of the healthy control group which is set at “1”. Expression corrected for three 
reference genes RPS5, GUSB, and YWHAZ. * Only the expression of SREBF is significantly 
downregulated in FHL samples compared to heathy controls.

FAS: fatty acid synthetase; PPAR-γ: peroxisome proliferator-activated receptor-γ, SREBF: sterol regulatory 
element-binding factor; PPAR-α: peroxisome proliferator-activated receptor-α; RPS5: ribosomal protein S5; 
GUSB: β -glucuronidase; YWHAZ: tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein zeta
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In this study the decrease in liver SREBF gene expression and no expression change 
in other DNL-related enzymes suggest that DNL does not occur in the liver of cats 
with FHL. This is in contrast with what has been reported in humans with NAFLD 
and in other obligated carnivores.13,18-21 Furthermore, the expression of PPAR-α 
was similar to its expression in healthy cats. This suggests that CPT-1a expression 
and the following degree of β-oxidation in the liver of cats with HL is not affected 
by a downregulation of PPAR-α. 
De novo fatty acid synthesis in the liver is regulated by three important nuclear 
transcription factors: SREBP-1c, carbohydrate response element-binding protein 
(ChREBP)7,39, and PPAR-γ.7,40-42 Sterol regulatory element-binding transcription 
factor 1 regulates and induces the expression of several genes involved in lipo-
genesis and lipid biosynthesis such as FAS, SCD-1 and acetyl-CoA carboxylase 
(ACC).8,28,30,43,44 Fatty acid synthase is involved in conversion of malonyl-CoA into 
16-carbon saturated FA palmitate.26 Peroxisome proliferator-activated receptor-γ 
is  required for normal adipocyte differentiation and is expressed at very low levels 
in the liver of healthy individuals. Overexpression of PPAR-γ in the liver leads to 
hepatic steatosis, also by enhancing the expression of other adipogenic genes in 
the liver.32,42,45,46

The physiological significance of DNL in NAFLD has been recently reviewed by 
Hodson and Frayn. The authors argued that the most important role of DNL might 
not be its quantitative contribution to hepatic FA overload, but its part in the 
suppression of FA oxidation.27 Malonyl-CoA, a key a metabolic intermediate in de 
novo fatty acid biosynthesis in lipogenic tissues, is in fact a potent inhibitor of the 
mitochondrial outer membrane enzyme CPT1.47 Carnitine-palmitoyl transferase 
1 is responsible for the transport of fatty acyl-CoA into the mitochondrion, a 
fundamental step in FA oxidation. 48  The increased expression of SREBP-1c in 
NAFLD suppresses PPAR-α, further inhibiting CPT-1 and FA β-oxidation.31

Using labelled FAs Donnelly et al. (2005) concluded that 59% of TGs in the livers 
of patients with NAFLD were from increased lipolysis in the adipose tissue and 
increased FA flux to the liver, 26% from hepatic DNL and 15% from the diet.25 
Hepatic DNL contributes significantly to FA accumulation in the liver of subject 
with NAFLD.

The development of HL has been investigated in the American Mink, as model of 
NAFLD.12,13 In the American Mink food deprivation for 3 days was adequate to 
induce HL, with liver fat percentage increasing twice in the fasted group compared 
to the control group. The liver steatosis in the initial days of fasting, was secondary 
to the flux of FAs from extensive peripheral lipolysis from the visceral adipose 
tissue.12,13 In the following days, the percentage of liver lipid accumulation 
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increased dramatically to the end of the 7-day fasting period. Significant increases 
were observed in the levels of mRNA encoding for ACC-1 and FAS after 5–7 days 
of fasting compared to non-fasted mink. It was concluded that hepatic DNL could 
have further exacerbated liver fat accumulation in fasted Minks and that 5–7 days 
of fasting appeared to be the critical time period for this to develop. Although 
SREBP-1c was not measured in this study, the higher expression of FAS and ACC, 
and the higher hepatic palmitate and MUFAs concentrations suggested that the 
gene expression of the key enzymes for DNL was increased. Feeding the minks for 
28 days after the end of the fasting period, allowed the relative expression of ACC 
and FAS to return to pre-fasting levels.13

In a model of diet-induced overweight in cats lipogenic gene expression (SREBP-
1c, FAS and ATP citrate lyase (ACL) ) in lipid sensitive tissue, i.e. liver, subcutaneous 
and abdominal adipose tissue, has been evaluated and compared to lean animals.49 
As already demonstrated in man, a positive energy imbalance due to over-nutrition 
and obesity can activate SREBP-1c  and other secondary lipogenic gene expressions, 
enhancing lipogenesis in adipose and liver tissues contributing to liver 
steatosis.18,19,21 In the overweight cats, the mRNA expression of SREBP-1c and ACL 
were markedly decreased in liver tissue whereas FAS expression remained similar 
to that of control cats. Abdominal SREBP-1c  mRNA expression was markedly 
lower in abdominal subcutaneous and higher in omental adipose tissues of 
overweight cats as compared to control cats. The conclusion of this study was that 
also in an overweight cat model DNL does not occur in the liver but it occurs in 
the visceral adipose tissue.49 The conclusion of the study supports the finding of 
Hall et al. that the origin of the enhanced hepatic TGs in cats with FHL is the 
visceral adipose tissue and not the liver. 

Our study has some limitations. Although the collection process of healthy liver 
tissue, i.e. needle biopsies, and of FHL livers, i.e. post-mortem wedge material, 
were different, there are no indications that the biopsy technique itself could have 
caused differences in relative mRNA expression levels. 

In order to validate the qRT-PCR data, the reduced mRNA level need to be 
confirmed by quantitative measurement at the protein level. This confirmation 
step is currently hampered by the very low hepatic expression of SREBF-1 together 
with the lack of validated antibodies for SREBF-1 in feline tissues. Interestingly, 
the SREBF-1 downregulation as observed here in vivo is similar to the 
downregulation as observed in 3D feline liver organoids cultured in vitro under 
FA-overload, lending credence to robustness of the qRT-PCR measurements. 50

In conclusion, the result of our study with the downregulation of SREBF in liver 
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tissue of cats with FHL does not support the hypothesis that DNL in the liver is an 
important pathway of FAs accumulation in FHL. As cats with HL have an increased 
concentration of palmitate and MUFAs compared to healthy cats in their liver and 
visceral adipose tissue, DNL in FHL most likely occurs in the abdominal adipose 
tissue. Subsequently, the de novo synthetized MUFAs are transported from the 
adipose tissue to the liver, where they contribute to fat overload in FHL. 
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Objective 
To describe the cellular and stromal components of the hepatic progenitor cell 
niche in feline hepatic lipidosis (FHL). 

Methods 
Immunohistochemical staining for the progenitor/bile duct marker (K19), 
activated Kupffer cells (MAC387), myofibroblasts (α-SMA), and the extracellular 
matrix component laminin were used on 7 liver biopsies of cats with FHL and 3 
healthy cats. Double immunofluorescence stainings were performed to investigate 
colocalization of different cell types in the hepatic progenitor cells (HPC) niche.

Results
HPCs, Kupffer cells, myofibroblasts and laminin deposition were observed in the 
liver samples of FHL although with variability in the expression and positivity of 
the different immunostainings between different samples. When compared to the 
unaffected cats where K19 positivity and minimal aSMA and laminin positivity 
was seen mainly in the portal area, in the majority of FHL samples K19 and aSMA 
positive cells and laminin positivity were seen also in the periportal and 
parenchymatous area. MAC387 positive cells were present throught the 
parenchyma. 

Conclusions and relevance
This is a preliminary morphological study to describe the activation and 
colocalization of components of the HPC niche in FHL. Although the HPC niche 
in FHL resembles that described in hepatopathies in dogs and in feline lymphocytic 
cholangitis, the expression of K19, α-SMA, MAC and lamin is more variable in 
FHL and a common pattern of activation could not be established. Nevertheless, 
when HPC were activated, a spatial association between HPCs and its niche could 
be demonstrated.

Keywords
Feline, feline hepatic lipidosis, hepatic stem cell niche, immunohistochemistry, 
immunofluorescence 
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Feline hepatic lipidosis (FHL) is considered the most common hepatobiliary 
disease in cats. 1-3 Clinical signs include lethargy, anorexia, weight loss, icterus and 
often vomiting and constipation. Histologically it is characterized by the excessive 
accumulation of triglycerides in more than 60% of the hepatocytes resulting in 
secondary impairment of liver function and intrahepatic cholestasis.2,4 The 
histological feature of FHL is that of simple steatosis and current literature has 
suggested that the disease lacks necroinflammatory lesions and fibrosis.4,5 Feline 
hepatic lipidosis often presents as an acute critical syndrome that can result in the 
animal’s death if therapeutic measures are not rapidly implemented. Its progression 
into steatohepatitis and chronic liver failure has not been documented in cats.1,2

Mature liver cells, i.e. hepatocytes and cholangiocytes, have a remarkable capacity 
to proliferate and restore liver function in homeostasis and in response to injury.6-8 
Three decades ago “the streaming liver hypothesis” was proposed based on pulse-
chace experiments: periportally derived hepatocytes migrate along the central 
vein to the hepatic vein axis.9 Recent cell-tracing experiments demonstrated a 
population of proliferating and self-renewing cells adjacent to the central vein in 
the liver lobule. These cells seem to be able to replace all hepatocytes in the liver 
lobule during homeostatic renewa.l10 These experiments helped the understanding 
of liver regeneration and the importance of specific hepatic stem- or progenitor 
cells (HPCs) as recently reviewed.11,12

Irrespective of the origin of hepatic progenitor cells, once the ability of hepatocytes 
to restore liver mass and function is exhausted or impaired, HPCs become activated 
as described for several species.8,13-18  These quiescent HPCs reside in the smallest 
branches of the biliary tract, also known as the canal of Hering, and are recognized 
by their morphological appearance, portal location, and expression of specific 
markers, such as cytokeratin 7 (K7) and K19.6,14,19-21 Once activated, HPCs 
proliferate and their expansion results in the formation of histological structures 
known as ductular reactions, also known as bile duct proliferation14. There are few 
descriptions of the HPCs in cats. 15,22,23 The first study that reported on progenitors 
cells in healthy cats was the study from IJzer et al. in 2009.15 Those progenitor cells 
were described as small periportally located cells positive for K7, with a morphology 
and location identical to resident HPCs located in the canal of Hering as described 
in humans and dogs.14,15,24 The same study identified the presence of ductular 

6: An immunohistochemical characterisation of the hepatic stem cell niche in feline hepatic lipidosis: a preliminary morphological study



Pathophysiologic Aspects of Feline Hepatic Lipidosis 

112

structures (ductular reaction) in different types of feline liver disease (acute 
hepatitis, neutrophilic and lymphocityc cholangitis and lipidosis) and characterised 
their histological and phenotypical features similarly to what has been described 
in humans and dogs8,13,15-18,23-28. However, the simple description of the ductular 
reaction does not further implicate the activation and co-localization of the HPCs 
and their niche.29

The balance between HPC self-renewal, proliferation and differentiation is 
determined by the interaction between the cells and stroma present in the 
microenvironment, i.e. the “HPC niche”.30-32 In rodent models, men, and dog 
important cellular components in this niche include HPCs, hepatic stellate cells 
(HSCs), their differentiated counterparts, αSMA positive myofibroblasts, and 
macrophages/Kupffer cells with laminin as the main stromal component.6,7,19,24,33 
Laminin is important for HPC proliferation and maintenance of the progenitor 
phenotype. Once the HPCs have left the laminin-enveloped niche, they can 
differentiate into a hepatocyte phenotype.34

In humans and dogs the ductular reaction and the degree of HPC and its niche 
activation is directly related to the severity of disease17,35,36 indicated by the amount 
of hepatocyte loss, the amount of inflammation, and the extend of fibrosis and it is 
seen in disease like acute hepatitis, chronic hepatitis, bliary disease and hepatic 
tumour.13,17,24,27,28,36-41

In a recent publication, the remodeling and activation of the HPC and its niche 
was described in feline lymphocytic cholangitis.42 The characteristics of the HPC 
and its niche shares similarity to the HPC and its niche in sclerosing cholangitis in 
human medicine.

In human and rodent models of non-alcoholic fatty liver disease (NAFLD) steatosis 
is sufficient to inhibit replication of mature hepatocytes and to trigger the activation 
of HPCs.17,18 There is growing evidence that steatosis per se is associated with the 
development of steatohepatitis and fibrosis and should not be considered just an 
innocent bystander in liver disease.43-45 
To our knowledge there is no literature available for cats on the changes of the 
HPC and its niche in FHL. Therefore, the aim of this study was to describe the 
cellular and stromal pattern of the HPC niche in FHL, with emphasis on MAC-
positive Kupffer cells, αSMA-positive myofibroblasts and the important 
extracellular matrix component laminin. To substantiate the immunohistochemical 
data we further used double immunofluorescence to investigate possible co-
localizations of the various cell types within the HPC niche. 
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Materials and methods 

Samples of diseased livers were obtained from cats submitted for routine post-
mortem investigation. Normal liver from healthy cats were obtained from fresh 
cadavers of non-liver related studies as required under the University 3R-policy. 
Projects have been approved by the Animal Welfare Committee on Experimental 
Animal Use, as required by Dutch legislation. 
Seven liver specimens (formalin-fixed and paraffin embedded) with a histological 
diagnosis of FHL were selected from the archives of the Department of Pathobiology 
of the Faculty of Veterinary Medicine, Utrecht University, the Netherlands. The 
seven FHL samples demonstrated a severe degree of lipidosis (> 70% of hepatocytes 
involved), based on histological evaluation performed by a board-certified 
veterinary pathologist (GCMG). In one sample extensive lipidosis coincided with 
a histological diagnosis of per-acute hepatitis. No other liver co-morbidities were 
present in the six other FHL samples. Diagnoses were based on criteria as reported 
previously by the World Small Animal Veterinary Association (WSAVA).46

Tissue samples from three healthy cats were taken post-mortem and processed 
similar to the FHL samples. Sections (3 μm) of all samples were cut for haematoxylin 
and eosin (H&E) and immunohistochemical and immunofluorescence staining. 
The samples were confirmed histologically normal by the same board-certified 
veterinary pathologist (GCMG). 

Immunohistochemistry 
All FHL and control samples were examined immunohistochemically for the 
expression of K19 (keratin-19; marker of bile duct and progenitor cells)27, MAC387 
(myelomonocytic antigen; marker of infiltrated and resident macrophages)22,47, 
αSMA (smooth muscle actin antibody; marker of activated hepatic stellate cells/
myofibroblasts)27,34, laminin (extracellular matrix component and part of the HPC 
niche)34, and Ki67 (proliferation marker)23 to characterise the HPC niche in cats 
(Table 1). 
The immunohistochemical procedure was performed as described before.23,48 
Briefly, sections were deparaffinised and rehydrated in xylene and a graded alcohol 
series, respectively. After antigen retrieval, endogenous peroxidase was inhibited 
with a ready-to-use peroxidase block (Dako, Glostrup, Denmark). Sections were 
blocked with 10% normal goat serum and the primary antibody was diluted in 
antibody diluent (Dako,) and incubated one hour at room temperature or 
overnight at 4oC depending on the marker (Table 1). EnVision HRP-labelled 
secondary antibodies (anti-rabbit or anti-mouse; Dako) were used and 
3,3’-diaminobenzidine was used as the substrate for visualization. Sections were 
counterstained with haematoxylin. 
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As a negative control, the primary antibody was omitted and the IgG1 isotypes 
served as internal non-specific controls for each other. For washing steps PBS/
Tween 0.1% was used.
The stainings for K19, Ki67, αSMA and laminin were scored by one operator at 
high (40x) magnification. Five random fields were observed for positively stained 
hepatocytes and myofibroblasts and the number of positive cells/fields  were 
reported. Only the cells which displayed nuclei on the section were considered. A 
distinction was made within initial scoring for portal, periportal and parenchymal 
cell positivity for K19 and αSMA and laminin. To perform a cell count for MAC387, 
ImageJ was used, a java-based image processing program from the National 
Institutes of Health. Images of representative slide were made using an Olympus 
ColorviewIIIu (Olympus) digital camera and an Olympus BX41 microscope. Cells 
that stained positive to MAC387 were reported as total cells per total area analyzed 
(mm2) for each sample.

Double immunofluorescence staining 
To evaluate the spatial relationship between macrophages, activated HSCs, 
laminin, and HPCs double immunofluorescence staining was performed on 3 
samples of cats with FHL showing varying K19-positivity. The decision not to 
include double immunofluorescence on healthy samples was related to the fact 
that the positivity to α-SMA and laminin in healthy sample was almost negligible 
and mainly seen around the portal area (bile ducts/blood vessel), also as described 
in previously performed studies.15,29

Table 1. Antibodies and processing characteristics as applied in the immunohistochemistry and double 
immunofluorescence of liver samples of cats with hepatic lipidosis.
*K19: keratin-19; MAC387: anti-macrophage antibody 387; αSMA: alpha-smooth muscle actin; 
LAM: laminin; Ki67: proliferation marker; panCK: pancytokeratin, widespectrum cytokeratin marker.
Mouse derived antobdoies are monoclonal, whereas the rabbit is polyclonal.

Marker* Source IgG-Type Clone Antigen
Retrieval

Incubation Company Product 
Code

Dilution

K19 Mouse IgG1 b170 Prot. K O/N 4°C Novocastra NCL-CK19 1:100

MAC387 Mouse IgG1 MAC387 Prot. K O/N 4°C Abcam ab22506 1:1000

αSMA Mouse IgG2a 1A4 None 60 min RT BioGenex MU128-UC 1:200

LAM Rabbit Ig   Prot. K O/N 4°C Abcam ab11575 1:100

Ki67 Mouse IgG1 MIB1 Citrate
pH 6.0 O/N 4°C Dako 1:30

panCK Rabbit Polyclonal   P.K/citr. O/N 4°C Dako Z0622 1:400
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Staining was performed using the aforementioned markers for macrophages 
(MAC387), activated stellate cells (αSMA) and laminin. To detect HPCs, PanCK, 
a wide spectrum cytokeratin and well validated HPC marker, was used (Table 1).49 
Immunofluorescence staining was performed as described for the 
immunohistochemical procedure. Sections were incubated with the primary 
antibodies in a parallel approach overnight at 4°C. The secondary antibodies (goat-
anti-mouse AlexaFluor-488 and goat-anti-rabbit AlexaFluor 568; Invitrogen, Etten-
Leur, the Netherlands) were applied 1:100, diluted in antibody diluent (Dako). 
Sections were counterstained using 4',6-diamidino-2-phenylindole (DAPI) 1:2000 
for 10 min. at room temperature and mounted using Fluorsave. In the negative 
controls the first antibody was omitted and replaced by an aspecific isotype control.
Slides were analysed with a Leica DMRE fluorescent microscope with Photometrics 
Coolsnap CCD digital photo camera and CellB software (AnalySIS, Olympus, 
Zoeterwoude, the Netherlands). 

Results

Immunohistochemistry
The results of the immunohistochemical staining for normal liver and FHL 
samples are summarized in table 2, 3 and figure 1 depicts examples of each staining. 
Negative controls remained unstained, indicating a specific signal for each 
antibody (data not shown). Samples were considered for the study when at least 
five portal areas were evaluated. 

K19
In unaffected livers, K19, indicating bile duct and/or progenitor cells, was present 
in bile ducts and in a variable number of small epithelial cells located in the 
periportal area (Table 2 and Figure 1) confirming the validity of the antiK19 
antibody. No ductular reactions were observed. Of the 7 cats with lipidosis 4 
showed an increase in the number of K19-positive cells in the (peri)portal area 
and clusters of cells in the parenchymal area (Table 2 and Figure 1). In three of 
seven cases an increased number of cells positive to K19 staining were seen in the 
(peri)portal areas and a positive staining for parenchymal ductular reactions was 
observed in one case.

αSMA
Alpha-Smooth Muscle Actin positive staining, indicating the presence of HSCs 
and differentiated smooth muscle cells. In healthy livers very few cells stained 
positive and mainly in the portal area, around bile ducts and in smooth muscle of 
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blood vessels (Table 2, Figure 1). In four of seven FHL samples, αSMA expression 
was strongly increased in both the periportal area and throughout the parenchyma. 
In three of seven FHL samples, αSMA positive cells were increased  both in the 
portal and periportal area, when compared to the unaffected samples.

MAC387
In healthy livers variable amounts of MAC387 positive cells were found spread 
throughout the parenchyma as single cells with no clear spatial relationship with 
the portal areas (Table 3, Figure 1). All FHL samples demonstrated also variable 
amounts of  MAC387 positive cells . In these samples, the MAC387 positive cells 
formed clusters varying in number from 2-3 to 4-6 cells per cluster, mostly located 
in close proximity to the portal area. 

Laminin 
A weak laminin staining was observed in and around the portal areas in healthy 
livers (Table 3, Figure 1). Four out of five FHL samples showed an increase in 
laminin positivity in the periportal area, ceasing towards the central vein. The 

Table 2: K19 and aSMA positive cells and their distribution per portal area in FHL and in unaffected liver 
samples . Cells were evaluated at high magnification (x40) and their number are reported as cells/fields.
# K19: keratin-19 (marker of bile duct and progenitor cells); αSMA (alpha-smooth muscle actin; marker 
of hepatic stellate cells/myofibroblasts)

Sample Portal Periportal Parenchyma Relative Size
 ( mm2)

F1
K19
aSMA

1
2

2
2

2
3

0.04479

F2
K19
aSMA

1
3

2
2

2
2

0.04576

F3
K19
aSMA

1
2

1
4

2
4

0.05568

F4
K19
aSMA

2
1

3
3

3
4

0.05557

F5
K19
aSMA

2
2

2
2

1
2

0.05521

F6
K19
aSMA

4
4

3
4

4
4

0.05336

F7
K19
aSMA

2
2

2
4

1
4

0.05562

C1
K19
aSMA

3
1

1
0

1
0

0.03165

C2
K19
aSMA

2
1

0
0

1
0

0.02451

C3
K19
aSMA

1
1

1
1

0
0

0.02779



central areas in all samples were negative for laminin. One FHL sample remained 
negative for the laminin staining.

Ki67
Ki67 positivity was minimal in the healthy liver. Three FHL samples showed a 
distinctive increase in Ki67 positve cells, whereas four remained negative (Table 3, 
Figure 1). 

Double immunofluorescence (IF) staining
Double immunofluorescence showed that αSMA and laminin expression were 
increased and in close proximity to the pancytokeratin/K19 (PanCK/K19)-positive 
cells. Laminin strictly co-localized with HPCs, while αSMA was also located at 
other histological sites. MAC387-positive clusters of cells were found adjacent to 
K19-positive cells. (Figure 2).
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Sample K167 MAC387 Laminin

F1 7 4063 Positive in the portal and  periportal area

F2 5 3125 Positive in the portal area

F3 3 4022 Strong positivity  in  the portal area and mild 
periportal positivity

F4 15 2556 np

F5 1 3170 Mild positivity in the portal area

F6 32 42856 Strong positivity in  the portal area and 
moderate  parenchymal positivity

F7 3 5969 np

C1 3 10867 Minimal positivity in portal area

C2 5 4797 Minimal positivity in the portal area

C3 5 2986 Minimal positivity in portal area

Table 3: K167, MAC 387 positive cells and laminin positive staining in FHL and in unaffected liver 
samples. For Ki67 cells were evaluated at high magnification (x40) and their number are reported as cells/
fields; MAC387 were evaluated with ImageJ and reported as number of total cells per total area (mm2) 
Ki67: proliferation marker MAC: anti-macrophage antibody 387 (marker of macrophages); LAM: laminin.
 n.p.= not performed
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Figure 1. The activated feline HPC niche immunohistochemically stained for K19 (HPCs), MAC387 
(macrophages), aSMA (stellate cells), LAM (laminin) and Ki67 (hepatocyte regeneration). The figure shows 
one unaffected cat C2 (a,e,i,o,s) and selected FHL cases with different marker expression F1(b,f,l,p,t); F5 
(c,g,m,q,u); F6 (d,h,n,r,v) . 

Figure 2. HPCs co-localized with macrophages, stellate cells and laminin in examples of feline hepatic 
lipidosis. Double immunofluorescent stained with PanCK (HPCs) and MAC (macrophages), aSMA (stellate 
cells) and LAM (laminin), respectively. 
a)  anCK/MAC: increase in macrophages and clustering of these cells in close proximity to the HPCs 
b) PanCK/SMA: increase in aSMA positivity in parenchyma and around the HPCs
c) PanCK/Laminin: the laminin can be seen as sheets around the HPCs



119

Discussion 

This study characterised the feline HPC niche by immunohistochemical and 
immunofluorescence staining in a common feline hepatic disease, FHL. The 
results of our study demonstrate that ductular reactions observed in the feline 
HPC niche in FHL contain Kupffer cells, activated HSCs (myofibroblasts) and the 
extracellular matrix component laminin. This is comparable with other 
hepatopathies in man and dogs, such as acute and chronic hepatitis, hepatobilary 
diseases and hepatic carcinoma.13,15,16,24-27,32,48 It is also in line with the HPC 
activation in feline lymphocytic cholangitis, a chronic feline hepatobiliary disease.42

In human, rat and murine models of impaired hepatocyte replication in NAFLD, 
simple steatosis is enough to inhibit replication of mature hepatocytes and to 
trigger the activation of HPCs.17,18 Due to elevated levels of serum-free fatty acids 
and insulin resistance, lipotoxicity is promoted, reactive oxygen species are formed 
and hepatic inflammation and hepatocyte apoptosis are induced.18,43,44 This results 
in an inhibition of the replication capability of the hepatocytes and stimulation of 
the activation of the HPCs. Liver steatosis seems to affect the gravity and 
progression of more chronic liver disease.43-45 Although a liver with steatosis is less 
protected against inflammation and fibrosis, only a small population of people 
affected by liver steatosis will further develop steatohepatitis and fibrosis.43-45

However, we were unable to demonstrate a definite pattern between the 
histopathological presence of lipidosis and the activation of the HPCs or the 
upregulation of the niche components in all cats with hepatic lipidosis. Different 
degrees of HPC activation in FHL were suggested by the variability in the 
expression and positivity of the different immunostainings in the different samples. 
Despite the presence of severe steatosis ( > 70 % of hepatocytes affected), this 
might be explained by the fact that hepatic lipidosis in cats often has an acute onset 
and progression due to a negative energy balance resulting from a heterogeneous 
group of underlying diseases, which may have different secondary effects on the 
liver. In the cases with only minimal number of positive cells to the staining, the 
damage to the hepatocytes could have been minimal or not severe enough to 
induce hepatocytes apoptosis/death and secondary activation of HPCs.

Nevertheless, when HPC were activated, a spatial association between HPCs and 
its niche could be demonstrated. The result of the double IF in FHL cases with an 
enhanced number of progenitor cells, suggested that a relationship was present 
between the HPCs, Kupffer cells/macrophages and HSCs/myofibroblasts
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Stellate cells/myofibroblasts are the main producers of extracellular matrix 
components in the liver and could be responsible for the enhanced laminin 
deposition.34 Recently, it has been suggested that the activated HPCs produce their 
own laminin sheet to perpetuate their proliferation and maintain their 
undifferentiated phenotype.34,49-51 The close anatomical relationship between HPCs 
and laminin suggests that this may also be true in cats. In situ hybridization for 
laminin mRNA can resolve this issue. 
This is the first study to characterise the feline HPC niche, HPC activation, and 
their relation with FHL. The low number of FHL cases and the lack of longitudinal 
samples limits the power of the study. Staining differences may have been affected 
by variations in fixation and/or storage time. However, the quality control with 
omission of the first antibody resulted in negative staining for all antibodies that 
were used. Furthermore, the staining patterns were not identical despite the use 
similar IgG isotypes and the same secondary antibody in the stainings for K19, 
MAC387, and Ki67. This strongly argues against a-specific staining patterns. 

We did not use liver samples collected during life, because histological biopsies are 
not routinely taken in cats suspected to have hepatic lipidosis.1-3 High quality 
biopsies of sufficient size are therefore difficult to obtain.52 Furthermore, liver 
diseases in cats are often associated with coagulation disturbances and hemorrhage 
is a potential complication.1,3,5252 Especially serial histological liver biopsies for the 
evaluation of disease progression are difficult to obtain due to reservations made 
by veterinarians and the understandable reluctance by pet-owners. In addition to 
this, histological liver biopsies are also not necessary for a diagnosis of FHL.3 
Because of the absence of sequential sampling and the descriptive nature of the 
immunohistochemistry, this study does not provide dynamic information and 
limits conclusions on cause-effect relationships. Despite these restrictions, we were 
able to highlight some interesting aspects on the HPCs and their niche in FHL.

Conclusion

Based on this study the composition of the feline HPC niche in FHL and its 
observed cellular and stromal interactions resemble that of normal and diseased 
livers in other companion animals like dogs and in cats with lymphocutic 
cholangitis. However, the feline HPC niche in FHL shows variability between cats 
regarding the expression of K19, α-SMA, MAC and lamin and a common pattern 
of activation could not be established. Nevertheless, when HPC were activated, a 
colocalization between HPCs and its niche could be demonstrated.  It remains 
speculation whether this variation is caused by the duration of lipidosis, variations 
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in the underlying disease, or the effect of the therapeutic measures initiated by the 
referring clinician. 
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128 Feline hepatic lipidosis (FHL) is considered the most common form of acute 
acquired potentially lethal liver disease in the cat. It is believed to be a syndrome 
with multiple causative factors, observed in anorexic animals.1-3 Cats have a 
propensity for hepatocellular lipid vacuolisation secondary to illness, that likely 
reflects unique aspects of feline metabolism. Their obligate carnivore status comes 
with several physiological and metabolic peculiarities in protein, carbon and 
fatty acid metabolism that make them different from other non-strictly carnivores, 
like dogs, rats, mice, and humans.1,3,4 

Anorexia is the trigger for FHL, however individual predisposition to develop 
FHL cannot be excluded as not every anorexic cat will develop hepatic lipidosis 
(LH) and not every sick cat with lipidosis will succumb to the disease. A specific 
geographic distribution of the disease has been suggested based on the available 
reports of FHL from different areas, including North America, Great Britain, 
Japan, and Western Europe. The higher prevalence of FHL in these areas might 
be secondary to feeding habits and a high incidence of reported obesity in the 
feline population.1,2 The prognosis does not seem to be related to the severity of 
the FHL, but more to the underlying disease and the early timing of treatment. 

The knowledge gap in relation to FHL is highlighted by the many uncertainties 
and questions there still remain. To get answers, we need a better understanding 
of the lipid metabolism in healthy cats. Furthermore, we need to better 
comprehend the pathways of lipid metabolism in cats with FHL to understand 
the interaction between triglyceride (TG) accumulation in the liver and the 
alterations in the pathways for uptake, synthesis, degradation, and secretion of 
fatty acids (FAs). 

In Chapter 1 the scope and aims of this thesis were presented. They were designed 
to give a better insight into the pathophysiologic mechanisms that play a role in 
FHL in an attempt to unravel the characteristics of the different pathways of lipid 
mobilisation, hepatic lipid metabolism specifically, and de novo lipid synthesis in 
healthy cats and cats with FHL. 
In this chapter (Chapter 7) the main findings of all the studies together with 
future perspectives are summarised and discussed. This summary is visually 
illustrated in figure 1. 
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Chapter 2 starts with an introduction on FHL: clinical signs, current diagnostics 
and treatment possibilities are discussed. The pathophysiology of FHL is discussed 
based on the available literature in relation to HL in cats, other obligate carnivores 
such as the European polecat (Mustela putorius) and the American mink 
(Neovison vison), and humans with non-alcoholic fatty liver disease (NAFLD).5-8 

Although the exact pathophysiologic mechanism of FHL remains elusive, we 
know that FHL is the result of an imbalance between the influx of FAs into the 
liver derived from peripheral fat stores, the excretion of hepatic TGs via very low-
density lipoproteins (VLDLs), de novo synthesis of FAs, and the rate of hepatic 
FAs oxidation for energy.

Once in the hepatocyte, FAs can be esterified to TGs. TGs usually accumulate in 
vacuoles within hepatocytes or can be incorporated in VLDLs to be excreted into 
the peripheral circulation. Cats with HL have always been considered to have 
increased levels of TGs in plasma, with the largest distribution in the VLDL 
fraction and increased plasma concentrations of VLDL.9 This suggests that VLDL 
secretion is enhanced and not deficient in FHL.9-12 However, while hepatic VLDL 
secretion appears increased in cats with FHL, this increase may not be sufficient 
to prevent the lipid overload of hepatocytes by the dramatic increase of FAs 
uptake into the liver. Secretion of VLDL is dependent on the rate of hepatic 
phosphatidylcholine (PC) synthesis.13 If choline is not absorbed via the 
gastrointestinal tract during a period of anorexia, PC cannot be synthesised via 
the “Kennedy pathway”. Consequently, the alternative “phosphatidylethanolamine 
N-methyltransferase (PEMT) pathway” should become the most important 
source of newly synthesised PC. Choline deficiency and low hepatic PEMT 
activity have been associated with HL in humans, mice, and rats.14-16 Premenopausal 
and intact females in these species appear better protected from the development 
of lipidosis when exposed to a choline deficient diet. The up-regulation by 
oestrogens increases their capacity to synthesise PC via the PEMT pathway, 
reducing the dependency on choline intake.17-19

In Chapter 3 we evaluated the lipid metabolism in healthy cats fed a choline 
restricted diet and studied the effect of hormones on choline synthesis via the 
PEMT pathway. We hypothesised that the loss of oestrogen influence could cause 
spayed female cats to have a lower capacity for PC synthesis than intact females. 
If this would be the case, the widely performed practice in all western countries 
of spaying female cats could be a predisposing factor to develop FHL. 
Our study demonstrates that plasma choline levels were not statistically different 
between intact female and intact male cats. The choline levels increased in female 
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cats by 35% after spaying to levels similar to those in male cats pre- and post-
neutering, but the increase was not significant. Activity of PEMT varied widely 
with no significant difference between female and male cats before or after 
spaying/neutering. Phosphatidylcholine 38:6 and PC 40:6 as products of the 
PEMT pathway reflect indirectly the activity of this pathway.20,21 And the PC/
phosphatidylethanolamine (PE) ratio is also considered a proxy for the PEMT 
pathway.22 There were no significant differences between the groups in these 
indirect parameters. These results confirm that there was no oestrogen effect on 
activity of the PEMT pathway. Unexpectedly, there was no higher PEMT activity 
in intact females before spaying, nor a decrease in PEMT related parameters after 
spaying. In contrast to what has been reported in humans, mice, and rats, the 
PEMT activity tended to be lower in intact female cats than in male cats and 
spayed female cats. 
The increase in plasma free choline levels after spaying in female cats may suggest 
an effect of oestrogen on either choline uptake from the diet or on the conversion 
of choline to other metabolites like acetylcholine, betaine or phosphatidylcholine. 
Furthermore, the amount of choline in the “restricted” but not deficient diet may 
still have been enough to allow PC to be formed via the Kennedy pathway, with a 
blunted stimulation of PEMT pathway expression and activity as a result. 
However, even with a diet sufficiently supplemented with choline some 
contribution to the PC synthesis from the PEMT pathway could have been 
expected, as this has been demonstrated in humans, mice, and rats. In these 
species, the PEMT pathway still contributes 20–40 % to the PC normally produced 
with diets that contain sufficient choline for the specific species.17,21,23,24

We could conclude from this study that the current recommendations for dietary 
choline levels are adequate for spayed female cats and it is unlikely that castration 
predisposes cats for HL by causing PC deficiency, as suggested in other species, if 
recommended dietary choline level are provided.

The essential FAs profile is known to vary considerably between males and 
females in humans, mice and rats, indicating that sex lipid dimorphism occurs in 
different species.19,25-32 We evaluated the lipid profile in healthy cats and in cats 
with HL with the use of lipidomics to evaluate if sexual lipid dimorphism could 
be established in cats, and if these differences could be related to HL (Chapter 4 ). 
The results of this study indicate that intact female cats have significantly lower 
TGs levels in plasma compared to their male counterparts, similarly to 
premenopausal women, intact female rats and mice.19,25-27,30,32 This difference was 
not reversed after spaying/neutering, but rather enhanced due to a significant rise 
in the plasma TGs level in male cats. The higher plasma TGs levels in male cats 
may be related to a higher rate of apolipoprotein B and VLDL synthesis by 
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hepatocytes in male cats as the TGs levels in plasma most likely reflect the VLDL 
fraction.9,33,34 Also a reduced plasma clearance of VLDL triglyceride in male cats 
compared to their female counterparts cannot be excluded. Interestingly, in 
premenopausal women a lower concentration of VLDL-TGs and LDL particles 
compared to men appears to be associated with accelerated (rather than reduced) 
VLDL-TGs and LDL production and increased plasma clearance.33-38 

The results of the lipidomic analysis in the cats with HL in this study confirm 
findings in previous studies analysing lipids in liver and in plasma.39,40 We 
confirmed that cats with HL have significantly higher TGs levels in their liver 
compared to the healthy cats. However in our study, cats with HL had no 
significantly different plasma TGs levels compared to healthy cats, whereas in 
other studies high plasma TGs levels in cats with HL have previously been 
described.39-41

Triglycerides in plasma from fasted animals most likely reflect the VLDL 
lipoprotein fraction.9 VLDL is relative enriched in TGs compared to low density 
lipoprotein (LDL) and high density lipoprotein (HDL). The relationship between 
FHL and VLDL is however not straightforward because of conflicting results of 
both increased and decreased plasma TGs or VLDL concentrations from different 
studies.9,42,43 A recent study on altered lipoprotein profiles in cats with HL 
corroborates our findings that cats with FHL have a low concentration of TGs in 
the plasma. Knowing that VLDLs are hydrolysed to VLDL remnants in peripheral 
tissues and further metabolized by hepatic lipase to become LDLs, the authors of 
that study speculated that the increased amounts of LDLs found in cats with FHL 
might indicate that VLDL secretion had been elevated earlier on in the disease 
process.44,45 Due to the shorter half-life of VLDLs versus LDLs, VLDL secretion 
and circulating TGs concentrations may increase early in feline HL and then 
decrease as the disease progresses. Low VLDL levels in cats with HL suggest there 
may be a maximum capacity of the feline liver to secrete VLDL. Therefore, no 
further increase in plasma VLDL is observed in association with high liver TGs 
levels.45 
Like other mammals, cats are unable to synthesize essential fatty acids (EFAs), 
like linoleic acid (18:2n-6) and a-linoleic acid (18:3n-3). Unlike other mammals, 
cats have a limited capacity to synthesize the long-chain polyunsaturated FA 
(LCPUFA) arachidonic acid (AA) (20:4n-6) from linoleic acid, and 
eicosapentaenoic acid (20:3n-3) and docosahexaenoic acid (DHA) (22:6n-3) from 
a-linoleic acid (18:3n-3). The severely decreased activity of the enzymes Δ 
5-desaturase and Δ 6-desaturase, enzymes involved in the formation of LCPUFA 
from EFA, explains this peculiarity in cats.46-49 
Intact female cats in our study, have a higher content of LCPUFA AA (20:4 n-6) 
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in PC in both plasma and liver tissue, when compared to spayed female and the 
male counterparts. This finding is similar to what has been reported in 
premenopausal women, intact female rats and mice.19,25-27,32 However, in contrast 
to what has been reported in these species, PC levels containing LCPUFA DHA 
(22:6 n-3) were not elevated in intact female cats.30,50,51 Despite this interspecies 
difference, there appears an influence of sex hormones on the profile of PC species 
in cats as the differences between the sexes disappeared after spaying/neutering. 
In a recent study on liver lipid metabolism in mice and its relation to sex hormones, 
it has been demonstrated that circulating oestrogens are able to suppress the 
enzyme Cyp4a12a, which normally is responsible for degrading the LCPUFA AA 
in liver and plasma. 52 This could be an explanation in our study for the elevated 
level of AA in intact female cats compared to the spayed cats and male 
counterparts. Furthermore, as demonstrated by Trevisan et al. cats are able to 
synthetize AA, but not DHA, from the substrate γ-linolenic acid (18:3 n − 6) via 
Δ5 desaturase, bypassing the Δ6 desaturase step.53 As desaturases can be 
stimulated by oestrogen, this could explain the primary increase in AA but not 
DHA levels in the liver of intact female cats compared to the male and spayed 
female counterparts.
Although our observations clearly suggest gender specific differences in lipid 
metabolism, current knowledge is still incomplete and contradictory. For this 
reason, presenting a final hypothesis on the role of gender in the development of 
HL in cats is premature. 

The increased liver and plasma concentration of sphingomyelin (SM) is an 
interesting and new finding from the lipidomics analysis in cats with HL. 
Sphingomyelin is a type of sphingolipid primarily present in the cell membrane, 
especially in the membranous myelin sheath that surrounds nerve cell axons. 
Sphingomyelin consists of a phosphocholine head group, a sphingosine, and a 
fatty acid. The sphingosine and fatty acid together form a ceramide. Sphingomyelin 
de novo biosynthesis starts in the endoplasmic reticulum with the condensation 
of serine and palmitoyl-CoA catalysed by serine palmitoyl transferase (SPT). 54 
The availability of palmitic acid (C16:0) is a rate-limiting step for ceramide and 
SM synthesis. Liver represents a central site for ceramide production and generally 
contains a far higher quantity of sphingolipids, especially ceramide and SM, than 
all other tissues.55-58 The increased synthesis of SM in livers affected by NAFLD 
promotes hepatic insulin resistance, hepatocyte apoptosis and increased release 
of inflammatory mediators. 56,57 The role of SM and ceramide in the development 
of steatosis has also been observed in different animal models of obesity and fatty 
liver disease.56,57,59 In obese subjects, ceramide and SM concentrations are higher 
in the liver compared to subcutaneous and intra-abdominal adipose tissue, and 
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the presence of hepatic steatosis in humans coincides with increased ceramide 
concentrations.58 
The presence of SM and ceramide in the liver has been indicated in NAFLD as 
one of the “second hit“ that is responsible for the progression from simple steatosis 
to steatohepatitis.56,57 The traditional “two-hit” pathophysiological approach to 
NAFLD recognises simple steatosis as the first hit and the prerequisite for 
hepatocyte injury to develop, whereas cytokines, adipokines, bacterial endotoxin, 
mitochondrial dysfunction and/or endoplasmic reticulum stress represent the 
second hit for the progression to non-alcoholic steatohepatitis (NASH). 60 

The increased SM concentrations, both in liver and in plasma, in cats with HL 
warrants further study in order to understand the potential role of SM in feline 
HL and its correlation with cytokines, insulin resistance and severity of the 
disease. Experimental studies targeting the enzymes involved in the pathway of 
ceramide synthesis seem to impact and decrease the development of steatosis in a 
mouse model of obesity and NAFLD, and remain subject of research in human 
medicine.56,61,62 

In Chapter 5 de novo hepatic lipogenesis (DNL) as a possible contributing 
pathophysiologic pathway to liver steatosis in FHL has been evaluated. In human 
medicine DNL has been suggested to be abnormally increased and to contribute 
to the pathogenesis of liver steatosis in diseases like obesity and to 26% to the liver 
lipid accumulation in NAFLD. 63-66 

Sterol regulatory element-binding factor (SREBF1), which is the equivalent in 
function to SREBP-1c, has been defined as the pivotal controller of lipid 
biosynthesis and main regulator of the expression of several genes involved in 
lipogenesis.67-70 This study demonstrates that SREBF gene expression was around 
10-times downregulated in cats with FHL. Furthermore, in liver tissue the mRNA 
expression of PPAR-α, PPAR-γ, and FASN, indicators of increased DNL, was not 
significantly different in cats with FHL compared to healthy cats. In a cat model 
with a diet induced overweight, lipogenic gene expression (SREBP-1c, FAS and 
ATP citrate lyase (ACL)) in lipid sensitive tissues confirmed our findings that the 
liver of cats does not foster DNL.71 Th e downregulation of SREBF/SREBP-1c in 
liver of cats with FHL does not support the hypothesis that DNL in the liver is an 
important pathway of FAs accumulation in FHL in contrast with what has been 
reported in other obligated carnivores and humans with NAFLD.64,72-74 

As cats with HL have an increased concentration of palmitate and MUFA 
compared to healthy cats in their liver and visceral adipose tissue, DNL in FHL 
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most likely occurs in the visceral adipose tissue. Subsequently, the de novo 
synthetized MUFAs are transported from the adipose tissue to the liver, where 
they contribute to fat overload in FHL. The evaluation of lipogenic gene expression 
in visceral adipose tissue in cats affected with HL and the comparison between 
lipogenic genes expression in visceral adipose tissue and liver might bring more 
understanding on DNL in cats. 
The importance of the visceral adipose tissue deposition in the development of 
NAFLD is well known in human and veterinary medicine. Besides being the 
major site for storage of excess energy as TGs during a positive energy balance 
state, visceral adipose tissue  has also an important endocrine function by 
secreting multiple adipokines (adiponectin, leptin), chemokines, and cytokines 
involved in the development of insulin resistance, and increased lipogenesis. 75-77. 
Matsuzawa et al. proposed the pathophysiological importance of visceral fat 
deposition in the development of metabolic dysfunctions and hepatic steatosis 
and introduced the term “visceral fat syndrome.77 The adipose tissue of FHL cats 
has markedly increased tumour necrosis factor, leptin and adiponectin 
concentrations compared with that of healthy subjects and it contributes greatly 
to FAs  released in a state of negative energy balance like in FHL.78 

The traditional “two-hit” pathophysiological approach to NAFLD does not seem 
to apply in cats with FHL. Feline hepatic lipidosis has always been described in 
the literature as an “acute disease that lacks a necro-inflammatory component”. 
The liver contains parenchymal (hepatocytes, the main liver cells) and non-
parenchymal cells, including Kupffer cells (liver resident macrophages), hepatic 
stellate cells (HSCs, involved in vitamin A metabolism), and biliary epithelial 
cells (forming bile ducts), which contribute to maintaining liver homeostasis. All 
of these cell types are targets of the hepatic lipotoxicity that in NAFLD often signs 
the progression from steatosis to NASH.79-81 When liver damage is severe enough 
to inhibit the replication capability of the hepatocytes, a quiescent population of 
pluripotent cell is activated: the hepatic progenitor cells (HPCs). The few 
descriptions in the literature of the ductular reaction in cats do not clearly 
implicate the activation and co-localisation of the HPCs and their niche.  82-84 In 
Chapter 6 the feline HPCs and its niche was investigated in cats with FHL and 
compared to healthy cats by immunohistochemical and double immuno-
fluorescence staining. Immunohistochemical staining for the progenitor/bile 
duct marker (K19), activated Kupffer cells (MAC387), myofibroblasts (alpha-
smooth muscle actin [α-SMA]) and the extracellular matrix component laminin 
were used. The study demonstrated that ductular reactions observed in the feline 
HPC niche in FHL contain Kupffer cells, activated myofibroblasts and the 
extracellular matrix component laminin. In the majority of FHL samples HPCs, 
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myofibroblast, and laminin positivity were seen also in the periportal and 
parenchymatous area. Macrophages were present throughout the parenchyma. 
This is comparable with other hepatopathies in humans and dogs, such as acute 
and chronic hepatitis, hepatobiliary diseases and hepatic carcinoma.82,83,85-89 
These findings are also in line with the HPC activation in feline lymphocytic 
cholangitis, a chronic feline hepatobiliary disease.90 
We were, however, unable to establish a clear and definite pattern between the 
histopathological presence of lipidosis and the activation of the HPCs or the 
upregulation of the niche components in all cats with HL. Different degrees of 
HPC activation in FHL were suggested by the variability in the expression and 
positivity of the different immunostainings. This is different feline lymphocytic 
cholangitis (LC) in which immunohistochemical markers applied in liver tissue 
were expressed in more cells, or more intensely, than in the liver tissue of 
unaffected cats.90 In human, rat and murine models of impaired hepatocyte 
replication in NAFLD, simple steatosis is enough to inhibit replication of mature 
hepatocytes and to trigger the activation of HPCs, however this does not seem the 
case in FHL. 91,92 

Despite the presence of severe steatosis in all cats affected with FHL, the lack of a 
pattern of activation of the HPCs might be explained by different factors. Feline 
hepatic lipidosis is classified as an acute disease in which the clinical condition of 
the cat improves and lipidosis resolves quickly or the cat dies or is euthanised. 
Lymphocytic cholangitis is considered a more chronic disease, characterised by 
portal fibrosis and bile duct proliferation.84,93,94 In human and animal models the 
degree of HPC and its niche activation is directly related to the severity of disease, 
indicated by the amount of hepatocyte loss, the amount of inflammation, and the 
extent of fibrosis.88,91,95-103 The acute nature of FHL may have limited the 
development of a clear relationship between HPCs activation and hepatic 
lipidosis. Furthermore, the different results in HPC activation in FHL could also 
be caused by variations in the underlying disease that caused the anorexia and 
secondary lipidosis or the effect of the therapeutic measures initiated by the 
clinician. To determine the cause of the variability from this study, a follow up 
study is needed in which the expression of the markers for HPC and its niche are 
evaluated in relation to the clinical and histopathological severity of lipidosis in a 
larger number of cases. However, the available literature on FHL has already 
demonstrated a variable clinical outcome with no association with histo-
pathological results.  

In conclusion, our studies have contributed to a better understanding of the lipid 
physiology in healthy cats and some particular aspects of the pathophysiology of 
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FHL. Although these results do not bring forth a clear picture on the patho-
physiology of FHL, they do strongly suggest the cat is a species on its own with 
physiological and metabolic peculiarities in fatty acid and lipid metabolism that 
makes it different from other non-strictly carnivores animals, like dogs, rats, 
mice and humans. Therefore, feline hepatic lipidosis should be considered a 
syndrome with multiple pathophysiologic factors that originate from the cat’s 
unique lipid, one-carbon and protein metabolism, presence of insulin resistance, 
obesity and maybe some individual predispositions.

Considering the results from our studies and data from other experimental 
studies in overweight cats undergoing rapid weight loss to induce HL, we argue 
that both decreased VLDL excretion and increased de novo hepatic lipid synthesis 
are unlikely to be the most important causes of hepatic FAs accumulation in 
FHL.10,11 The most probable pathophysiologic pathway seems to be an insufficient 
increase in the rate of fatty-acid oxidation in the face of increased peripheral FA 
mobilization. This seems to be in agreement with the clinical experience that 
exogenous L-carnitine supplementation can improve FA oxidation in cats with 
FHL. Also in an organoid model for steatosis supplementation of L-carnitine to 
feline liver organoids attenuated lipid accumulation in high-fat conditions and 
improved cellular viability.82,104 Individual characteristics, environmental 
influences and eventually pre-existing obesity could complete the picture of FHL 
as predisposing or complicating factors. 

Finally, we suggest that although cats with FHL share some metabolic similarities 
with human NAFLD patients, the FHL syndrome appears very different from 
NAFLD and NASH. Feline hepatic lipidosis represents an acute severe disease 
associated with compromised hepatic function, but there is no evidence that 
hepatic steatosis progresses to a NASH-like syndrome in the cat. 
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Figure 1: Conclusions of the thesis

Chapter 3
•  There is  no evidence of influence of sex hormones on the PEMT pathway in

cats, when fed a recommended amount of choline in the diet
•  The current recommendations for dietary choline levels are adequate for

spayed female cats and it is unlikely that castration predisposes cats for HL by
causing PC deficiency

Chapter 4
•  In healthy cats sexual dimorphism in the hepatic and plasma lipid profile

resembles observations in other species with lower plasma TGs levels and
increased plasma and liver AA in intact females compared to males.

•  Intact female cats with higher plasma and liver levels of AA but not DHA could 
be predisposed for HL. Also spaying of female cats may not increase the risk
for HL.

•  In contrast to previous studies, the higher liver but not  plasma TGs levels in
cats with HL could suggest a maximum capacity for liver excretion of VLDL.

•  The increased liver and plasma SM concentration in cats with HL compared to
healthy cats  could indicate a novel mechanism in the development of HL in
cats

Chapter 5
•  In this study the decrease in liver SREBF gene expression and no expression

change in other DNL-related enzymes suggest that DNL does not occur in the
liver of cats with FHL

•  In cats with FHL DNL most likely occurs in the abdominal adipose tissue.
Subsequently, the de novo synthetized MUFAs are transported from the adi-
pose tissue to the liver, where they contribute to fat overload in FHL.

Chapter 6
•  The study demonstrated that ductular reactions observed in the feline HPC

niche in FHL contain Kupffer cells, activated myofibroblasts and the extra-
cellular matrix component laminin.

•  There is  no a clear and definite pattern between the histopathological presence
of lipidosis and the activation of the HPCs or the upregulation of the niche
components in all cats with HL
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De lever is een orgaan met diverse belangrijke functies: het maakt eiwitten, speelt 
een rol bij de stofwisseling van glucose, ontgift het bloed, produceert gal die een 
rol speelt bij de vertering van vet en de absorptie van vitaminen uit het 
maagdarmkanaal, maakt stollingsfactoren die een belangrijke rol spelen bij de 
bloedstolling en reguleert de stofwisseling van vet. Leververvetting of leverlipidose 
is de meest voorkomende leverziekte bij de kat en treedt op bij katten die gedu-
rende een aantal dagen niet hebben gegeten. De ziekte wordt gekenmerkt door de 
stapeling van vet in de lever (steatose), voornamelijk triglyceriden, waardoor de 
lever groter wordt en niet meer normaal kan functioneren. Dit leidt tot 
verstoringen in de vele leverfuncties en uiteindelijk tot het overlijden van de 
patiënt. 
Hoewel leververvetting vooral voorkomt bij katten van middelbare leeftijd (rond 
de leeftijd van 7 jaar), kunnen katten van elke leeftijd het krijgen. Er is geen 
duidelijke voorkeur wat betreft ras of geslacht (mannelijk versus vrouwelijk) voor 
deze ziekte, maar in sommige studies lijken poezen meer te zijn vertegenwoordigd. 
Leververvetting wordt onderverdeeld in een primaire en secundaire vorm. 
Primaire leververvetting treedt op bij gezonde katten die stoppen met eten door 
een sterk verminderd aanbod van voer, het geven van voer dat ze niet lekker 
vinden of verminderde inname als gevolg van stressvolle omstandigheden. 
Secundaire leververvetting is de meest voorkomende vorm, die in ongeveer 95% 
van de gevallen optreedt. De oorzaak hierbij is een onderliggende ziekte die de kat 
zo ziek maakt dat ze stopt met eten.

Het mechanisme, de pathofysiologie, waardoor leververvetting ontstaat bij de kat 
is complex en heeft zeer waarschijnlijk meerdere oorzaken. Katten zijn bovendien 
‘obligate vleeseters’ op basis van hun voedingsbehoefte en zijn afhankelijk van 
hun eten voor de beschikbaarheid van een aantal belangrijke essentiële vetten en 
vitaminen. Zodra ze stoppen met eten zouden voedingsdeficiënties dus de lever-
ziekte kunnen veroorzaken of verergeren.

In hoofdstuk 2 wordt een gedetailleerd overzicht gegeven over de pathofysiologie, 
de klinische verschijnselen en presentatie van leververvetting bij de kat. Het accent 
ligt hierbij op de karakteristieken en behoeften van de kat als een obligate vleeseter.
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In een gezonde kat worden vetzuren die vrijkomen uit de vetopslag in de buik of 
het onderhuids weefsel naar de lever getransporteerd, waar zij worden omgezet in 
triglyceriden. Vervolgens worden de triglyceriden in de bloedsomloop gebracht 
door middel van specifieke eiwitten, zogeheten ‘very-low-density-lipoproteïnen’ 
(VLDLs). Vetzuren kunnen ook worden gebruikt om energie te produceren via 
een proces genaamd ‘bèta-oxidatie’ of ze kunnen worden gebruikt om nieuwe (de 
novo) vetten te maken. Ook al is de exacte pathofysiologie van leververvetting bij 
de kat nog niet bekend, het is in ieder geval een gevolg van een disbalans tussen 
de hoeveelheid vetzuren die door de lever worden opgenomen aan de ene kant en 
de verwijdering van triglyceriden uit de lever via VLDLs, de vorming van de novo 
vetten en de snelheid van de bèta-oxidatie aan de andere kant.

Het doel van dit promotieonderzoek is enkele karakteristieken van de diverse 
routes voor vetmobilisatie, de vetstofwisseling in de lever en de de novo vetvorming 
bij gezonde katten en katten met leververvetting te ontrafelen. In verschillende 
hoofdstukken in dit promotieonderzoek wordt als vergelijking de situatie be-
schreven bij de mens, diersoorten die kunnen worden vergeleken met de kat als 
obligate vleeseter, de nerts. Niet-alcoholische vetleverziekte (‘non-alcoholic fatty 
liver disease’; NAFLD) is een aandoening bij de mens waarbij door overgewicht of 
een onderliggende ziekte, zoals suikerziekte, enorme hoeveelheden vetzuren zich 
stapelen in de lever.

In hoofdstuk 3 wordt de rol van het transporteiwit VLDL onderzocht in gezonde 
katten en het effect van geslachtshormonen op de vorming van dit eiwit. Uit 
studies bij de mens en bij andere diersoorten is bekend dat de productie van 
VLDLs afhankelijk is van de aanwezigheid van fosfatidylcholine, dat door de 
lever wordt gemaakt van choline. Choline is één van de B-vitamines en de kat is 
voor de beschikbaarheid van vitamine B afhankelijk van voeding. Als katten 
stoppen met eten en de inname van choline sterk afneemt, vermindert de 
beschikbaarheid van fosfatidylcholine en kan ook een afname optreden in de 
hoeveelheid VLDLs. De lever zou hierdoor geen triglyceriden kunnen uitscheiden 
en stapelen zij zich op in de lever. Het beeld van leververvetting of steatose kan 
zich ontwikkelen.

Vrouwen vóór de menopauze zijn in staat fosfatidylcholine te produceren onder 
de invloed van het geslachtshormoon oestrogeen, waarbij een alternatieve route, 
de zogeheten ‘PEMT route’, wordt gebruikt als zij op een dieet met een laag 
choline gehalte staan. Als dit fenomeen ook optreedt bij de kat, zouden intacte 
poezen beter beschermd kunnen zijn tegen leververvetting, terwijl daarentegen 
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katers en gecastreerde poezen een predispositie zouden kunnen hebben als  
zij stoppen met eten. Om deze hypothese te toetsen zijn fosfatidylcholine en andere 
vetten, die voornamelijk via de PEMT route worden geproduceerd, gemeten bij 
poezen en katers voor- en nadat ze werden gecastreerd. De katten kregen een  
dieet met een laag, maar niet deficiënt, gehalte aan choline. Het resultaat van de  
studie toont aan dat er geen invloed van geslachtshormonen op de fosfatidylcholine 
synthese en op de PEMT route is. De huidige aanbevelingen voor de diëtaire behoefte  
aan choline zijn voldoende voor gecastreerde poezen. En het is dus onwaarschijnlijk 
dat castratie, door het veroorzaken van een fosfatidylcholine deficiëntie, katten 
predisponeert voor leververvetting zoals dat wordt gevonden bij andere soorten. 
Tenminste, als het aanbevolen gehalte aan choline in het dieet aanwezig is.

De rol van vetten in het ontstaan en de ontwikkeling van diverse ziekten bij de 
mens, zoals suikerziekte, vetzucht, NAFLD, Alzheimer en arteriosclerose, is 
bekend. De erkenning van geslacht-specifieke genetische verschillen in de vet-
samenstelling en de vetstofwisseling tussen mannen en vrouwen heeft bijgedragen 
aan het identificeren van risicofactoren voor deze aandoeningen en specifieke, 
gerichte behandelingen te ontwikkelen. In de humane geneeskunde wordt de 
vetstofwisseling bestudeerd en geëvalueerd door het vetprofiel te analyseren met 
behulp van ‘lipidomics’. Deze analysetechniek is zeer belangrijk geworden in het 
ophelderen van de rol van vetten in de pathofysiologie van vet-gerelateerde 
ziekten. Geslachtsverschillen tussen poezen en katers en hun ‘geslachtsprofiel’, 
i.e. intact versus gecastreerd, verdient meer aandacht.

In hoofdstuk 4 is het vetprofiel van intacte en gecastreerde gezonde katten, die 
werden gevoed met een standaard, commercieel beschikbaar dieet, onderzocht 
met behulp van lipidomics. Bovendien werd het effect van castratie op het plasma 
en lever vetprofiel geëvalueerd. Tenslotte werd ook het plasma en lever vetprofiel 
van katten met leververvetting in detail onderzocht met de lipidomics techniek.

Het resultaat van deze studie liet zien dat geslachtsverschillen in het vetprofiel 
ook bij de kat bestaan. Intacte poezen hebben significant lagere triglyceriden 
gehalten in het plasma in vergelijking tot katers. Dit is vergelijkbaar met de 
situatie bij vrouwen vóór de menopauze en bij intacte vrouwelijke ratten en 
muizen. Dit verschil verdween echter niet na een verlaging van het plasma 
oestrogeen gehalte door middel van castratie. In tegendeel, het verschil nam toe 
door een toename in het plasma triglyceriden gehalte bij katers na castratie. 
Intacte poezen hadden ook een hogere hoeveelheid van een specifiek vetmolecuul, 
arachidonzuur, in zowel plasma als lever in vergelijking tot gecastreerde poezen 
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en katers. Arachidonzuur wordt geassocieerd met de ontwikkeling van ont-
stekingen. Castratie vermindert het arachidonzuur gehalte bij poezen en ver-
mindert ook de negatieve effecten die dit molecuul kan hebben op de lever.
Zoals ook vastgesteld in andere studies, was bij katten met leververvetting het 
triglyceride gehalte in hun lever verhoogd in vergelijking tot de situatie bij gezonde 
katten. Het verhoogde gehalte van sfingomyeline bij katten met leververvetting 
was een interessante, nieuwe bevinding van deze studie. Sfingomyeline is een 
specifiek soort vet dat vooral voorkomt in de celmembraan. De beschikbaarheid 
van palmitinezuur, dat is verhoogd in de lever en vetweefsel bij katten met 
leververvetting, is een snelheidsbepalende factor in de vorming van sfingomyeline. 
Bij de mens veroorzaakt de toegenomen vorming van sfingomyeline in de lever, 
die is aangetast door NAFLD, een toename in de ontsteking van de lever en in het 
afsterven van levercellen. Sfingomyeline is dus geassocieerd met een progressie 
van de leverziekte. De toename in sfingomyeline gehaltes, zowel in het plasma als 
de lever, bij katten met leververvetting vraagt om aanvullend onderzoek om beter 
te begrijpen wat de potentiële rol van sfingomyeline is bij de kat met leververvetting.

In hoofdstuk 5 wordt de mogelijke bijdrage van de novo synthese van vetten in de 
lever (de novo lipogenese) aan de vetophoping in de lever geëvalueerd. Bij de mens 
is gesuggereerd dat de novo lipogenese abnormaal is toegenomen en een belang-
rijke bijdrage levert aan de pathogenese van steatose in ziekten zoals NAFLD. Het 
is een belangrijke, afwijkende route in de ontwikkeling van lipidose. Het 
belangrijkste product van de novo lipogenese is het vetzuur palmitinezuur. In 
eerdere studies werd palmitinezuur bij katten met leververvetting in zowel de 
lever als vetweefsel in de buik gevonden. Dit suggereert dat de vetzuren in de lever 
zowel afkomstig kunnen zijn van buikvet, als ook nieuw kunnen worden gemaakt 
in de lever van zieke katten. 

Er zijn enkele genen die belangrijk zijn in de regulatie van de novo lipogenese. 
'Sterol regulatory element-binding factor’ (SRBF) is de centrale controleur van de 
vet biosynthese en belangrijkste regulator van de expressie van diverse genen, die 
zijn betrokken bij nieuwe vetsynthese. Met de hulp van een speciale techniek, 
‘polymerase chain reaction’ (PCR), kon de activatie van genen worden geëvalueerd 
in de lever en het bloed van gezonde katten en katten met leververvetting. Bij 
katten met leververvetting was niet alleen de SRBF expressie tien keer minder  
in vergelijking met de situatie bij gezonde katten, maar was ook de expressie  
van andere genen betrokken bij de lipogenese niet toegenomen. Dit suggereert dat 
bij de kat met leververvetting de novo lipogenese niet optreedt in de lever zoals  
bij de mens en de nerts, maar eerder afkomstig is uit het vetweefsel van de buik.  
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Dus, de novo lipogenese in de lever is niet een belangrijke route in de ontwikkeling 
van leververvetting bij de kat.
Vetophoping in de lever moet, volgens toenemend bewijs uit de humane 
geneeskunde, niet worden beschouwd als een ‘onschuldige toeschouwer’ bij 
NAFLD. Het is gelinkt aan de ontwikkeling van ontsteking (steatohepatitis) en de 
progressie van de leverziekte. Als leververvetting bij de kat wordt geëvalueerd op 
basis van histologisch onderzoek, i.e. het onderzoek van de betrokken celtypen 
en de verandering in het leverweefsel als gevolg van de ziekte, leek het centrale 
kenmerk simpele steatose. In tegenstelling tot de situatie bij NAFLD bij de mens 
is de aanwezigheid van ontsteking en de ontwikkeling van steatohepatitis en 
chronisch leverfalen bij de kat nog niet eerder gedocumenteerd. 

Het weefsel van de lever, i.e. het parenchym, bestaat uit hepatocyten, de meest 
voorkomende levercellen, en andere niet-parenchymale cellen, zoals Kupffer 
cellen (in de lever voorkomende macrofagen), stellaatcellen, die betrokken zijn bij 
de stofwisseling van vitamine A, en epitheelcellen van de galgangen. Zij dragen 
allemaal bij aan de homeostase van de lever.

Deze cellen kunnen allemaal het doelwit zijn van de toxiciteit van vet en bij 
NAFLD is schade aan cellen vaak een aanwijzing voor de overgang van steatose 
naar steatohepatitis en chronische leverziekte. Een ‘slapende’ populatie stamcellen, 
de lever progenitor cellen die het vermogen hebben om zich te differentiëren in 
diverse celtypen, wordt geactiveerd als de leverschade ernstig genoeg is om de 
delingscapaciteit van hepatocyten te remmen, zoals bij de ophoping van vet in de 
lever. Belangrijke cellulaire componenten van de ‘lever progenitor cel niche’ zijn 
stellaatcellen, en de Kupffer cel/levermacrofaag. Laminine is de meest voor-
komende component in het steunweefsel, het stroma. Het aantal lever-progenitor 
cellen en de activatie van hun niche zijn bij de mens en de hond gerelateerd aan 
de ernst van een ziekte. Eerder onderzoek heeft aangetoond dat de lever van 
katten met leververvetting progenitor cellen bevat, maar de manier waarop zij 
worden geactiveerd en de wijze waarop zij op elkaar inwerken is nooit verder 
onderzocht. 

In hoofdstuk 6 is de lever progenitor cel bij de kat en haar niche onderzocht bij 
katten met leververvetting. Deze bevindingen zijn vergeleken met de situatie bij 
gezonde controle katten. Hiervoor is er gebruik gemaakt van specifieke 
immunokleuringen die in staat zijn om de verschillende celtypen, die de lever 
progenitor cel niche vormen, te kleuren en hun interactie te herkennen. De 
resultaten van de studie toonden aan dat bij katten met leververvetting de lever 
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progenitor cel niche bestaat uit Kupffer cellen, geactiveerde stellaatcellen, i.e. 
myofibroblasten, en de extracellulaire matrix component laminine. Dubbele 
immunofluorescentie toonde bovendien aan dat als lever progenitor cellen 
worden geactiveerd, een ruimtelijke relatie tussen de progenitor cellen en hun 
niche kon worden aangetoond. Er was echter geen duidelijk omschreven verband 
tussen de histopathologische mate van vervetting en de mate van de activatie van 
de lever progenitor cellen of de celcomponenten van de niche bij de katten met 
leververvetting. 

Het gebrek aan een duidelijk activatiepatroon van lever progenitor cellen ondanks 
de aanwezigheid van ernstige steatose bij de katten met leververvetting, zoals dat 
gezien wordt bij de mens en hond, kan door verschillende factoren worden 
verklaard. Allereerst is leververvetting bij de kat een acute aandoening. Lever-
vervetting ontwikkelt zicht bij de kat meestal vrij snel, ook al kan het soms dagen 
tot weken duren voordat het ontstaat; als de kat weer eten binnenkrijgt, verbetert 
de klinische conditie van de kat  waarbij de vervetting verdwijnt, of de kat 
verbetert niet en sterft of wordt geëuthanaseerd nog voordat veranderingen in 
lever progenitor cel niche zich kunnen ontwikkelen. Ten tweede kunnen de 
wisselende resultaten in de lever progenitor cel activatie ook zijn veroorzaakt 
door de effecten op de lever van de diverse onderliggende ziekten, die voor de kat 
de directe aanleiding waren om te stoppen met eten, of de therapeutische 
maatregelen die de behandelend dierenarts heeft genomen. Al deze verklaringen 
zijn op dit moment nog erg speculatief.

Samenvattend kan worden gezegd dat er meer inzicht is verkregen in de 
vetstofwisseling bij de gezonde kat en enkele specifieke aspecten van de 
pathofysiologie van leververvetting bij de kat. Eén aspect is in ieder geval 
opvallend in deze studies: de kat is een uniek dier met fysiologische en metabole 
eigenaardigheden in het vet- en vetzuurmetabolisme, waardoor de kat zich 
onderscheidt van ander niet-obligate vleeseters, zoals de hond, rat, muis en mens. 
Als alle resultaten worden overwogen en worden gecombineerd met experimentele 
studies bij katten met overgewicht die extreem gewichtsverlies ondergingen en 
daarbij leververvetting ontwikkelden, kan er worden beargumenteerd dat het 
onwaarschijnlijk is dat afgenomen VDLD excretie door de lever en toegenomen 
de novo vetsynthese in de lever een zeer belangrijke rol spelen in de ophoping  
van vet in de lever bij leverlipidose bij de kat. De meest waarschijnlijke patho-
fysiologische route voor de ontwikkeling van leververvetting bij de kat lijkt een 
insufficiënte toename in de snelheid van de vetzuuroxidatie in de lever met 
tegelijkertijd een sterk toegenomen perifere vetmobilisatie.

8: Samenvatting in het Nederlands



Pathophysiologic Aspects of Feline Hepatic Lipidosis 

156



8: Riassunto della tesi in italiano

157Riassunto della tesi in italiano

Il fegato è un organo importante che normalmente ricopre molteplici funzioni: 
produce nuove proteine, aiuta la regolazione del glucosio, disintossica il sangue 
dalle sostanze prodotte dall’organismo, produce la bile che è importante per la 
digestione dei grassi e l'assorbimento di vitamine, produce i fattori della 
coagulazione importanti per la coagulazione del sangue e regola il metabolismo 
dei lipidi.
 
La lipidosi epatica felina  è considerata la malattia epatica più comune nei gatti e 
si verifica nei gatti che non mangiano da alcuni giorni. È caratterizzata 
dall'accumulo nel fegato di molecole di grasso (steatosi epatica), principalmente 
trigliceridi, che fanno diventare il fegato più grosso e malfunzionante. Sebbene la 
lipidosi epatica sia principalmente riportata nei gatti di mezza età (età media 7 
anni), possono soffrirne gatti di qualsiasi età. Anche se non è stata segnalata una 
predisposizione di razza o di genere (maschio vs femmina) per questa malattia, in 
alcuni studi le gatte femmine sembrano essere più rappresentate. 

La lipidosi epatica felina è classificata come lipidosi epatica primaria o secondaria. 
La lipidosi epatica felina primaria si verifica in gatti sani che smettono di mangiare 
a causa della somministrazione di cibo non appetitoso, o  per la riduzione 
dell'assunzione di cibo a seguito di un evento che provoca stress eccessivo. Invece, 
la lipidosi secondaria, che si verifica in circa il 95% dei casi, è considerata la forma 
più comune di lipidosi, e.  si sviluppa quando un gatto smette di mangiare 
inseguito a molteplici cause, soprattutto per una malattia stottostante.
In generale, il meccanismo (fisiopatologia) alla base della lipidosi epatica felina è 
complesso. Inoltre, poiche’  i gatti essendo ‘carnivori obbligati’ dipendono 
dall'assunzione con il loro cibo di importanti vitamine e acidi grassi essenziali, 
quando smettono di mangiare, queste carenze potrebbero innescare e peggiorare 
la lipidosi epatica.

Il Capitolo 2 fornisce una riassunto dettagliato di ciò che è noto sulla fisiopatologia,  
sui segni clinici e sulla presentazione della lipidosi epatica felina, con particolare 
attenzione alle caratteristiche e ai bisogni specifici del gatto come carnivoro.
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In un gatto sano, gli acid grassi che vengono rilasciati dai depositi di grasso 
nell'addome o nel tessuto sottocutaneo, raggiungono il fegato dove possono: 
essere trasformati in trigliceridi ed esportati nella circolazione attraverso delle 
proteine   specifiche, chiamate lipoproteine   a bassissima densità (“very low density 
lipoprotein”: VLDL); essere utilizzati per produrre energia attraverso un processo 
chiamato beta ossidazione; oppure essere usati per produrre nuovi lipidi (de novo 
lipogenesi). Sebbene l'esatto meccanismo patofisiologico della lipidosi epatica 
felina non sia del tutto compreso, sappiamo che la lipidosi epatica felina è il 
risultato di uno squilibrio tra la quantità di acidi grassi che raggiunge il fegato, 
l'eliminazione dal fegato dei trigliceridi, la formazione di nuovi acidi grassi ed 
l’utilizzo degli acidi grassi per la formazione di energia.

Lo scopo di questa tesi è un di ricercare e descrivere le diverse vie patofisiologiche 
della lipidosi epatica felina: la mobilizzazione dei lipidi, il metabolismo dei lipidi 
a livello epatico  e la sintesi de novo lipidica in gatti sani ed in gatti con lipidosi 
epatica. Nei diversi articoli di questa tesi abbiamo spesso utilizzato, come 
confronto, ciò che è noto nella medicina umana e in un altro animale che ha 
molte similitudini con il gatto, anch’esso un carnivoro obbligato, il visone. Per 
quanto riguarda l’uomo, a causa dell'obesità o della presenza di altre malattie 
come il diabete, gli acid grassi si possono accumulare nel fegato dando origine ad 
una malattia chiamata steatosi epatica non alcolica (NAFLD). 

Nel Capitolo 3 abbiamo studiato il ruolo della proteina di trasporto VLDL nei 
gatti sani e l'effetto degli ormoni sessuali sulla sintesi di questa proteina. Sappiamo 
dalla medicina umana e da studi su altri animali da ricerca, che la produzione di 
VLDL dipende dalla presenza di fosfatidilcolina, che a sua volta è costituita dalla 
molecola colina. La colina è considerata una vitamina del gruppo B e sappiamo 
che i gatti dipendono dall'assunzione di vitamine del gruppo B con il loro cibo. Se 
smettono di mangiare, l'assunzione di colina può essere molto bassa, diminuendo 
la disponibilità di fosfatidilcolina e causando un ulteriore diminuzione delle 
VLDL. Se le VLDL non sono disponibili,  non è possibile esportare i trigliceridi 
dal fegato che si accumuleranno dando origine alla steatosi epatica.

Tuttavia, dalla medicina umana sappiamo che gli ormoni estrogeni, elevati nella 
donna in pre-menopausa, sono in grado, a fronte di una dieta a basso contenuto 
di colina, di stimolare la sintesi di fosfatidilcolina attarverso un via metabolica 
alternativa chiamata. Se questo si verificasse anche nei gatti, allora la gatta 
femmina non sterilizzata sarà protetta dalla lipidosi, mentre i maschi e le gatte 
sterilizzate potrebbero essere predisposti allo sviluppo di lipidosi per carenza di 
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fosfatidilcolina, una volta smesso di mangiare. Per valutare la nostra ipotesi 
abbiamo misurato la fosfatidilcolina, la colina e altri lipidi che si formano 
principalmente attraverso la via PEMT, nel fegato e nel sangue di gatti sani (sia 
maschi che femmine) prima e dopo la loro sterilizzazione/castrazione. I gatti 
avevano ricevuto una dieta che era bassa, ma non priva, di colina. I risultati del 
nostro studio mostrano tuttavia che non vi è alcuna influenza degli ormoni  
sessuali estrogeni sulla sintesi della fosfatidilcolina e sulla via PEMT nel gatto. Da 
questo studio possiamo concludere che le attuali raccomandazioni per i livelli di 
colina nella dieta sono adeguate per i gatti ed è improbabile che la sterilizzazione 
predisponga le gatte femmine alla lipidosi epatica causando una carenza di 
fosfatidilcolina.

Il ruolo dei lipidi nello sviluppo e nella progressione di alcune malattie negli 
uomini, come il diabete mellito, l'obesità, la NAFLD l'Alzheimer e l'arteriosclerosi 
è ben riconosciuto. In medicina umana, il riconoscimento delle differenze 
genetiche nel metabolismo lipidico specifiche tra maschio e femmina ha aiutato a 
sviluppare terapie  più specifiche e mirate per queste patologie. In medicina 
umana, il profilo lipidico, chiamato anche “lipidomics”, è diventato fondamentale 
per comprendere il ruolo dei lipidi nella patofisiologia di alcune malattie che 
coinvolgono alterazioni dei grassi. Le differenze lipidiche  tra maschio e femmina 
e tra il loro profilo sessuale (intatto o sterilizzato / castrato) nei gatti merita 
ulteriore attenzione.

Nel Capitolo 4 il profilo lipidico di gatti sani intatti nutriti con una dieta com-
merciale comune, viene studiato con l'aiuto dell'analisi lipidomica. Inoltre, viene 
valutato l'effetto della sterilizzazione/castrazione sul profilo lipidico nei gatti sani. 
Infine, il profilo lipidico dei gatti con lipidosi epatica viene esaminato in dettaglio.

I risultati di questo studio indicano che esistono differenze sessuali nel profilo dei 
lipidi nei gatti. Infatti, le femmine intatte hanno livelli di trigliceridi 
significativamente più bassi nel plasma rispetto ai gatti maschi, analogamente a 
quello che viene riportato nelle donne in premenopausa, ratti e topi femmina 
intatti. Tuttavia, questa differenza non cambia con la diminuzione degli ormoni 
estrogeni dopo sterilizzazione nelle gatte femmine, ma piuttosto aumenta a causa 
di un incremento del livello di trigliceridi nel plasma dei gatti maschi dopo la 
castrazione. Le gatte femmine non sterilizzate hanno anche un contenuto più 
elevato di una specifica molecola lipidica, acido arachidonico, sia nel plasma che 
nel tessuto epatico, rispetto alla femmina sterilizzata e ai gatti maschili. L'acido 
arachidonico è stato associato allo sviluppo di un processo infiammatorio.  
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La sterilizzazione nelle gatte femmine, riducendo la concentrazione di acido 
arachidonico, riduce anche i possibili effetti negativi che questa molecola potrebbe 
avere sul fegato.

Nei gatti affetti da lipidosi epatica abbiamo confermato i risultati degli studi 
precedenti, che hanno rilevato un’elevata concentrazione di trigliceridi nel fegato 
di questi animali,  rispetto a gatti sani. L'aumento della concentrazione epatica e 
plasmatica di sfingomielina  è una scoperta interessante e nuova nei gatti con 
lipidosi epatica. La sfingomielina è un tipo specifico di lipide principalmente 
presente nella membrana cellulare. La disponibilità di palmitato, che è elevata nel 
fegato e nel tessuto adiposo in gatti con lipidosi epatica, viene considerata il 
prerequisito fondamentale per la sintesi di sfingomielina. L'aumentata sintesi di 
sfingomielina nel fegato delle persone affette da NAFLD, promuove la morte delle 
cellule epatiche, aumenta l'infiammazione del fegato ed è stata associata alla 
progressione della malattia epatica. Le maggiori concentrazioni di sfingomielina, 
sia nel fegato che nel plasma dei gatti con lipidosi epatica, richiedono  ulteriori 
studi al fine di comprendere il potenziale ruolo di questa molecola nella 
patofisiologia della lipidosi epatica felina.

Nel Capitolo 5 viene valutata la nuova (de novo ) sintesi epatica dei lipidi (de novo 
lipogenesi) come possibile via patofisiologica in grado di contribuire all'accumulo 
del grasso nel fegato nella lipidosi epatica felina. In medicina umana è stato 
riportato che la de novo lipogenesi aumenta in modo anormale in malattie come 
la NAFLD contribuendo in modo significativo alla sua patogenesi. Il prodotto 
principale della de novo lipogenesi è l’acido palmitico. Studi precedenti hanno 
evidenziato che nei gatti con lipidosi epatica, tale acido grasso e’ presente in 
grandi quantità sia a livello epatico che nel grasso addominale. Questa scoperta 
suggerisce che la fonte primaria dei grassi che si accumulano nel fegato nei 
soggetti con lipidosi, è il tessuto adiposo addominale , ma non esclude una de 
novo lipogenesi a livello epatico. 

Sappiamo che ci sono alcuni geni che sono importanti per la regolazione della de 
novo lipogenesi. Il gene chiamato SRBF, è considerato il gene più importante per 
la regolazione della sintesi dei grassi ed è il regolatore principale dell'espressione 
di altri geni coinvolti nella nuova sintesi lipidica. Con l'aiuto di una speciale 
tecnica chiamata "reazione a catena della polimerasi”( PCR) , la presenza di 
questo gene  è stata valutata nel fegato e nel sangue di gatti sani e gatti con lipidosi. 
Tuttavia, nei gatti con lipidosi, l'espressione di SRBF nel fegato era 10 volte 
inferiore rispetto ai gatti sani, e l'espressione epatica degli altri geni coinvolti nella 



161

nuova sintesi di lipidi,  non era aumentata. Ciò suggerisce che nella lipidosi epatica 
felina, la sintesi de novo degli acidi grassi non si verifica nel fegato, come nelle 
persone e in altri carnivori obbligati, ma molto probabilmente principalmente nel 
tessuto grasso addominale. Quindi la de novo sintesi epatica dei grassi, non è una 
via patogenetica importante nello sviluppo della lipidosi nei gatti.

In medicina umana nei pazienti NAFLD,  l'accumulo di lipidi nel fegato non 
viene considerato un processo benigno o di poca importanza, ma è stato associato 
allo sviluppo di infiammazione (steatoepatite), e alla progressione della malattia 
epatica. Quando la lipidosi epatica felina è valutata da un punto di vista istologico, 
la sua caratteristica principale sembra essere quella di semplice steatosi. A 
differenza della NAFLD, nella lipidosi epatica felina non sono mai state 
documentate la presenza di infiammazione, la sua la progressione a steatoepatite 
e l'insufficienza epatica cronica.

Il fegato contiene nel suo tessuto (parenchima) epatociti, le principali cellule del 
fegato, e altre cellule non parenchimali, come le cellule di Kupffer (macrofagi del 
fegato), cellule stellate epatiche (coinvolte nel metabolismo della vitamina A) e le 
cellule epiteliali biliari (costituiscono i dotti biliari), che contribuiscono a 
mantenere l'omeostasi del fegato. Tutte queste cellule sono bersagli della tossicità 
dei lipidi che nella NAFLD spesso indica la progressione dalla semplice steatosi 
alla steatoepatite e alla malattia epatica cronica. Quando il danno al fegato è 
sufficiente ad inibire la capacità replicativa degli epatociti, una popolazione di 
cellule a riposo, con la capacità di differenziarsi in diversi tipi di cellule, viene 
attivata: le cellule progenitrici epatiche. Nei roditori, nell'uomo e nei cani, queste 
cellule interagiscono tra loro ed un altro componente importante chiamato 
"laminina" e formano una nicchia, la nicchia delle cellule progenitrici epatiche. 
Le componenti cellulari importanti di questa nicchia includono le cellule 
progenitrici epatiche, le cellule epatiche stellate, le cellule di Kupffer e la laminina. 
Nell'uomo e nel cane il grado di attivazione delle cellule progenitrici epatiche e 
della nicchia sono direttamente correlate alla gravità della malattia epatica stessa. 
Studi precedenti hanno evidenziato la presenza delle cellule progenitrici epatiche 
nel gatto con lipidosi epatica, ma la loro attivazione ed interazione non è mai stato 
valutata.

Nel Capitolo 6 le cellule progenitrici epatiche e la loro nicchia viene analizzata 
nei gatti con lipidosi epatica. Sono state utilizzate tecniche immunologiche di 
colorazione specifica, per evidenziare le diverse cellule che costituiscono le cellule 
progenitrici epatiche e la  nicchia e per evidenziare la loro interazione. I risultati 
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dello studio dimostrano che nel gatto con lipidosi epatica le cellule progenitrici e 
la loro nicchia  includono le cellule di Kupffer, le cellule epatiche stellate, e la 
componente extracellulare della matrice, la laminina. L’utilizzo della tecnica di 
colorazione con la doppia immunofluorescenza ha dimostrato che quando le 
cellule progenitrici sono attivate, esiste un’associazione spaziale tra le cellule 
stesse e la loro nicchia. Tuttavia, non siamo riusciti a trovare un pattern definito 
tra la presenza istopatologica della lipidosi e l'attivazione delle cellule progenitrici 
o delle componenti della nicchia in tutti i gatti con lipidosi epatica. Nonostante la
presenza di grave steatosi in tutti i gatti con lipidosi,  la mancanza di un pattern
di attivazione comune della cellule progenitrici, come si vede in altri animali,
potrebbe essere spiegato da diversi fattori.

Innanzitutto, la lipidosi epatica è classificata come malattia acuta. Anche se a 
volte richiede tempo per svilupparsi (giorni-settimane), la sua progressione è in 
genere piuttosto rapida; o la lipidosi si risolve rapidamente o il gatto spesso muore 
o viene addormentato. Questo potrebbe accadere prima che possano svilupparsi
cambiamenti nella nicchia e nelle cellule progenitrici epatiche. In secondo luogo,
le diverse modalità terapeutiche che vengono instaurate dal medico veterinario,
potrebbero influire sull’attivazione delle cellule progenitrici. Tutte queste
spiegazioni rimangono in questo momento speculative.

In conclusione, grazie a questi studi abbiamo fatto progressi nella comprensione 
della fisiologia del metabolismo dei lipidi nei gatti sani e in alcuni aspetti specifici 
della fisiopatologia della lipidosi epatica del gatto. Una cosa che è apparsa chiara 
da tutti gli studi è che il gatto è sicuramente un animale unico, con peculiarità 
fisiologiche e metaboliche nel metabolismo dei lipidi e degli acidi grassi che lo 
rende diverso dagli altri animali non strettamente-carnivori, come i cani, ratti, 
topi e gli uomini . Considerando i risultati dei nostri studi e i dati derivati   da altri 
studi sperimentali in gatti in sovrappeso sottoposti ad una  rapida perdita di peso 
con conseguente sviluppo di lipidosi epatica, possiamo concludere che una 
diminuzione dell’escrezione dei trigliceridi per una carenza delle VLDL e 
aumento della sintesi de novo lipidica a livello epatico non sono le cause più 
importanti di accumulo di grasso a livello epatico. La via fisiopatologica più 
probabile sembra quindi essere un insufficiente tasso di ossidazione a livello 
epatico degli acidi grassi a fronte di una maggiore mobilitazione periferica dei 
lipidi.
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