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Abstract

Background: Hepatic lipidosis is increasing in incidence in the Western world, with

cats being particularly sensitive. When cats stop eating and start utilizing their fat

reserves, free fatty acids (FFAs) increase in blood, causing an accumulation of

triacylglycerol (TAG) in the liver.

Objective: Identifying potential new drugs that can be used to treat hepatic lipidosis

in cats using a feline hepatic organoid system.

Animals: Liver organoids obtained from 6 cats.

Methods: Eight different drugs were tested, and the 2 most promising were further

studied using a quantitative TAG assay, lipid droplet staining, and qPCR.

Results: Both T863 (a diacylglycerol O-acyltransferase 1 [DGAT1] inhibitor) and

5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside (AICAR; an adenosine mono-

phosphate kinase activator) decreased TAG accumulation by 55% (P < .0001) and

46% (P = .0003), respectively. Gene expression of perilipin 2 (PLIN2) increased upon

the addition of FFAs to the medium and decreased upon treatment with AICAR but

not significantly after treatment with T863.

Conclusions and Clinical Importance: Two potential drugs useful in the treatment of

hepatic lipidosis in cats were identified. The drug T863 inhibits DGAT1, indicating that

DGAT1 is the primary enzyme responsible for TAG synthesis from external fatty acids in

cat organoids. The drug AICARmay act as a lipid-lowering compound via decreasing PLIN2

mRNA. Liver organoids can be used as an in vitro tool for drug testing in a species-specific

system and provide the basis for further clinical testing of drugs to treat steatosis.
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1 | INTRODUCTION

Because of changes in diet and lifestyle, the incidence of obesity and

non-alcoholic fatty liver disease has increased worldwide, both in

humans and their pets.1-4 Cats are particularly sensitive to hepatic

lipidosis, which occurs when, for example, obese cats stop eating and

rapidly lose weight. Fat stores in adipose tissue are broken down to

free fatty acids (FFAs) and transported through the blood to the liver,

where they accumulate as triacylglycerol (TAG) in lipid droplets in

hepatocytes. Cats with hepatic lipidosis accumulate approximately

34% more TAG in their livers compared to healthy cats.3,5 They are

often clinically presented with icterus, dehydration, lethargy, and pty-

alism, with a history of anorexia and weight loss.6,7 Treatment is

mainly supportive and consists of correcting hypoperfusion using fluid

therapy and reversing the negative energy balance by feeding the

patient by means of force feeding or tube feeding.7 A mortality rate

of 38% has been reported,6 and drugs to directly target lipidosis are

not available yet. An in vitro model for hepatic lipidosis in cats has

been described in which feline hepatic organoids were loaded with

TAG.8 We aimed to use this model to test drugs for their potential to

treat cats developing hepatic lipidosis. In cats fed a high-fat diet that

has induced early steatosis, both oleic and palmitic acid have been

shown to increase in concentration in the serum.9 In feline liver

organoids, adding additional oleic and palmitic acid to the medium

resulted in the accumulation of TAG in lipid droplets, mimicking

hepatic lipidosis.8 Furthermore, lipid accumulation also can be mea-

sured in organoids that are differentiated toward a hepatocyte-like

phenotype. This system allowed the effect of various drugs on TAG

accumulation to be tested in a species-specific system using primary

feline liver cells, without the use of live animals.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Organoids were derived from 6 different cats, 2 females and 4 males

(sex distribution was a result of sample availability). The absence of

liver pathology was assessed by liver histology, as reviewed by a

board-certified veterinary pathologist. Samples were obtained post-

mortem from surplus liver tissue; no animals were harmed or eutha-

nized for the purpose of this study. Liver was sampled fresh within

several hours after euthanasia or was obtained from a frozen (−70�C)

tissue biobank. Feline liver organoid cultures were established

according to a previously described method.8 In short, isolated biliary

duct fragments were suspended in ice-cold Matrigel (BD Biosciences,

San Jose, California) and plated in drops on prewarmed 12-well plates.

The drops were allowed to solidify at 37�C before culture medium

was added. Components for expansion and differentiation medium

were similar to those previously described.8 Experiments were per-

formed in expansion medium, unless stated otherwise. To differenti-

ate into a more hepatocyte-like phenotype, organoids from

3 different cats were plated in expansion medium and cultured for

2 days, after which time medium was changed toward differentiation

medium for 10 days. At day 9 after switching to differentiation

medium, the substrates and drugs were added. Medium was renewed

every other day. Fatty acids used were oleic acid (C18:1) and palmitic

acid (C16:0) at concentrations of 0.4 and 0.2 mM, respectively. Fatty

acids were coupled to 12% (vol/vol) fatty acid-free bovine serum albu-

min (Sigma-Aldrich, St. Louis, Missouri). Bovine serum albumin with-

out fatty acids was used as control. Before analyses, organoids were

extracted from the Matrigel by washing with ice-cold Hank's balanced

salt solution and centrifugation at 360g for 5 minutes.

2.2 | Drugs

Drugs (see Table S1 for targets and references) were dissolved in

dimethyl sulfoxide and used at concentrations as described in the lit-

erature. Initial screening consisted of culturing undifferentiated feline

liver organoids from 3 donors in the presence or absence of the drugs,

as mentioned in Table S1, and in the presence of additional fatty acids

to stimulate lipid accumulation. The TAG assay was used to determine

TAG amounts. Drugs that inhibited TAG accumulation in organoids

from 3 cats were selected for further testing. Selected drugs and

concentrations used after initial screening were 5-aminoimidazole-

4-carboxamide 1-β-D-ribofuranoside (AICAR; Sigma) at a concentra-

tion of 2 mM, T863 (Sigma) at a concentration of 20 μM, and PF

06424439 (Sigma) at a concentration of 50 μM. Organoids were cul-

tured for 24 hours in the presence of additional fatty acids and drugs

(or vehicle controls) before sampling.

2.3 | Triacylglycerol assay

Samples were sonicated, and 10% of the sample was used to measure

protein concentration for normalization purposes using a Pierce

bicinchoninic acid Protein Assay Kit (ThermoFisher Scientific, Waltham,

Massachusetts). The other part was used to extract lipids according to a

previously described method.10 Samples were washed with methanol to

prevent contamination with chloroform and dried under nitrogen gas.

The TAG quantitation was performed using a TriglyceridesLiquiColor

mono kit (HUMAN, Wiesbaden, Germany) with triolein as a standard.

After incubation with the Triglycerides Liquicolor assay reagent for

90 minutes in a shaking water bath, TAG was measured using a spectro-

photometer with a microplate reader at an extinction of 540 nm

(Molecular Devices, VersaMax, Sunnyvale, California).

2.4 | RNA isolation and quantitative PCR

Sample RNA was isolated using a RNeasy Micro Kit (Qiagen, Hilden,

Germany) including an on-column DNase-I treatment to minimize

gDNA contamination. Subsequently cDNA was synthesized using an

iScript cDNA Synthesis Kit (Bio-Rad, Hercules, California). The PCR

amplifications were performed using a Bio-Rad detection system

with iQ SYBR Green Supermix (Bio-Rad). Melt-curve and sequence

analysis confirmed the specificity of the amplicon, and the relative

expression levels were normalized using the reference genes tyrosine
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3-monooxygenase/ tryptophan 5-monooxygenase activation protein,

zeta (YWHAZ), ribosomal protein S5(RPS5), hypoxanthine phos-

phoribosyltransferase (HPRT-1), and hydroxymethylbilane synthase

(HMBS). Primers used for PCR amplification of genes of interest and

primers for the reference genes are shown in Table S2.

2.5 | Fluorescent imaging of whole-mount organoids

Organoids were carefully removed from Matrigel and fixed with

10% neutral buffered formalin. Nuclei were stained with 30 μg/mL

Hoechst 33342 (Molecular Probes, Paisley, UK), and lipid droplets

were stained with 0.1 μg/mL LD540 (lipophilic dye, kindly provided

by Christoph Thiele). Fixed organoids were incubated with the dyes

for 15 minutes in phosphate-buffered saline, and after washing the

organoids were mounted in FluorSave (Calbiochem, Billerica, Massachu-

setts). Images were taken with a Leica TCSSPE-II confocal microscope at

the Center of Cellular Imaging (Faculty of Veterinary Medicine, Utrecht

University, The Netherlands).

2.6 | Statistics

For statistical analyses, a 2-way analysis of variance using a Dunnett's

multiple comparisons test was performed, with treatment and cat as

the 2 levels.

3 | RESULTS

Addition of palmitate and oleate to feline organoids resulted in the

accumulation of TAG and lipid droplets, as observed by fluorescence

microscopy and fluorescent-activated cell sorting (FACS) analysis.8

Quantification of the TAG accumulation showed a 4-fold (±1.3, P < .001)

increase in TAG accumulation in feline organoids after 24 hours of incu-

bation with additional fatty acids in the expansion medium (Figure 1).

The quantification of TAG accumulation allowed us to screen systemati-

cally for drugs affecting hepatic lipidosis in cats. Several drugs have been

described in the literature for their possible effect on hepatic lipidosis. In

a pilot study, we screened 8 different drugs (Table S1) on feline

organoids from 3 different donors in the presence of additional fatty

acids to mimic the induction of hepatic lipidosis. From these 8 different

drugs at the described concentrations, 2 drugs induced lower amounts

of TAG in all 3 donors as compared to fatty acid treatment without drugs

and were subjected to further investigation. These 2 drugs were AICAR,

an adenosine monophosphate (AMP) analog acting as an AMP kinase

activator and T863, a diacylglycerol O-acyltransferase 1 (DGAT1) inhibi-

tor. Treatment of undifferentiated feline organoids from 6 donors with

AICAR significantly decreased TAG accumulation by 46% (P = .003);

treatment with T863 resulted in a decrease of 55% (P < .001; Figure 1).

The DGAT2 inhibitor PF 06424439 did not induce a clear decrease in

TAG accumulation on its own, but, when combined with the DGAT1

inhibitor, TAG synthesis was completely prevented, resulting in TAG

amounts that were similar to those present in organoids cultured without

added fatty acids. Analysis of organoids by fluorescence microscopy

using LD540, a marker for lipid droplets, showed an increase in lipid

droplets in FFA-treated compared to control-treated organoids. A clear

decrease in the amount of fluorescent signal was observed when the

selected drugs were present (Figure 2), a finding consistent with the

quantitative TAG measurements. Drug treatment did not cause visible

morphological changes to the organoids. Organoids had a darker appear-

ance after the addition of fatty acids, as previously described (see

Kruitwagen et al8 and Figure S1).

Because differentiated organoids might even more closely mimic

in vivo liver, organoids from 3 different donors were differentiated

toward the hepatocyte lineage. Differentiation was confirmed using qPCR

(Figure 3A). Expression of the stem cell marker leucine-rich repeat-

containing G protein-coupled receptor 5 decreased and expression

of hepatic markers transthyretin and CYP3a132 increased. Basic TAG

concentrations (without addition of FFAs and drugs) increased in

organoids after differentiation compared to organoids before differentia-

tion (Figure 3B). When differentiated organoids were treated with AICAR

and T863, the results were similar to those of the undifferentiated

organoids. Treatment with AICAR decreased TAG accumulation by 45%

(P = .006), and treatment with T863 decreased TAG accumulation by 52%

(P = .002; Figure 3C).

The mechanism by which T863 decreased the accumulation of

TAG most likely is by inhibiting its target, the TAG-synthesizing

enzyme DGAT1. Less obvious is the mechanism by which the AMP

kinase activator AICAR decreases TAG. Perilipin 2 (PLIN2, also known
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F IGURE 1 Triacylglycerol accumulation in undifferentiated feline
liver organoids. Organoids from 6 different cats were incubated in the
absence (no-free fatty acids [FFA]) or presence of additional fatty
acids and in the absence or presence of 5-aminoimidazole-
4-carboxamide 1-β-D-ribofuranoside (AICAR, an adenosine
monophosphate kinase activator, 2mM), T863 (diacylglycerol
O-acyltransferase 1 [DGAT1] inhibitor, 20 μM) or a combination of a
T863 (DGAT1 inhibitor, 20 μM) and PF 06424439 (DGAT2 inhibitor,
50 μM). *** P = .003, **** P < .001. 100% represents TAG
accumulation in the presence of additional fatty acids and dimethyl
sulfoxide as vehicle control. Each dot represents the average of a
culture duplicate from 1 cat
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F IGURE 2 Presence of lipid droplets in feline liver organoids after inducing lipid accumulation. Organoids were incubated in the absence
(no-free fatty acids [FFA]) or presence (FFA) of additional fatty acids and in the absence (dimethyl sulfoxide) or presence of 5-aminoimidazole-
4-carboxamide 1-β-D-ribofuranoside (AICAR, an adenosine monophosphate kinase activator, 2mM), T863 (diacylglycerol O-acyltransferase
1 [DGAT1] inhibitor, 20 μM), or a combination of a T863 (DGAT1 inhibitor, 20 μM) and PF 06424439 (DGAT2 inhibitor, 50 μM). Fluorescence
microscopic images are from 2 different cats (cat 1 and cat 2). Blue = Hoechst, green = LD540

0.000

0.005

0.010

0.015

LGR5

re
la

ti
v
e
 g

e
n

e
 e

x
p

re
s
s
io

n

EM DMEM DM EM DM
0

1

2

3

CYP3a132

re
la

ti
v
e
 g

e
n

e
 e

x
p

re
s
s
io

n

0.000

0.005

0.010

0.015

TTR

re
la

ti
v
e
 g

e
n

e
 e

x
p

re
s
s
io

n

EM DM
0

20

40

60

80

100

TAG

T
A

G
/p

ro
te

in
 (

n
m

o
l/
m

g
)

AIC
AR

T86
3

T86
3 &

 P
F06

42
44

39

no
 F

FA
0

50

100

150

TAG accumulation after differentiation

T
A

G
/p

ro
te

in
 (

%
o

fc
o

n
tr

o
l)

************

(A)

(B) (C)

F IGURE 3 Triacylglycerol accumulation in differentiated feline liver organoids. A and B, Organoids were cultured in expansion medium (EM) or
differentiation medium (DM), and relative gene expression of stem cell (leucine-rich repeat-containing G protein-coupled receptor 5) and hepatocyte
(TTR and CYP3a132) marker genes (A) and intracellular TAG concentrations (B) was measured. C, TAG accumulation in differentiated feline liver
organoids after administration of drugs. Organoids were incubated in the absence (no-free fatty acids [FFA]) or presence of additional fatty acids and in
the absence or presence of 5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside (AICAR, an adenosine monophosphate kinase activator, 2mM),
T863 (diacylglycerol O-acyltransferase 1 [DGAT1] inhibitor, 20 μM), or a combination of a T863 (DGAT1 inhibitor, 20 μM) and PF 06424439 (DGAT2
inhibitor, 50 μM). 100% represents TAG accumulation in the presence of additional fatty acids, without drugs. **P = .01 ***P = .006, ****P < .001
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as adipose differentiation-related protein) is a protein present on lipid

droplets and is known to stabilize lipid droplets. Gene expression of

PLIN2 increases with the addition of fatty acids to the medium.8 We

therefore measured the PLIN2 mRNA concentrations using qPCR and

found that treatment with AICAR markedly decreased the expression

of PLIN2 in lipid-loaded organoids (Figure 4). Under these conditions,

PLIN2 expression was not statistically different from incubation in the

absence of additional fatty acids. This effect was specific for AICAR,

as the other TAG-lowering drug T863 did not significantly affect

PLIN2 mRNA concentrations. Both differentiated and undifferentiated

organoids behaved similarly (P = .57; Figure 4).

4 | DISCUSSION

The feline hepatic organoid system was successfully used to identify

drugs potentially useful in treating cats developing hepatic lipidosis.

Both T863 (a DGAT1 inhibitor) and AICAR (an AMP kinase activator)

decreased TAG accumulation, both before and after differentiation of

the adult hepatic stem cells toward the hepatocyte lineage. The fact that

undifferentiated liver organoids gave similar results as did differentiated

organoids strengthens the use of undifferentiated liver organoids for

future drug screening and more mechanistic studies, thereby decreasing

the amount of time and resources for these experiments as well as our

conclusion that these agents are promising candidate drugs for clinical

application.

Two enzymes are known to catalyze the final step in the forma-

tion of TAG from diacylglycerol (DAG) and fatty acyl-CoA: DGAT

1 and 2. Diacylglycerol O-acyltransferase 1 knock-out mice are viable,

in contrast to DGAT2 knock-out mice. Moreover, DGAT1-deficient

mice are resistant to obesity induced by a high-fat diet and have

increased sensitivity to insulin.11,12 They are protected from hepatic

lipidosis induced by exogenous fatty acids, either from a high-fat diet

or from fasting. Both a liver-specific and a general knock-down

resulted in the protection against hepatic lipidosis.13 Several DGAT1

inhibitors have been developed, T863 is one among them. Administra-

tion of DGAT1 inhibitors to mice led to a decrease in serum and liver

TAGs, caused weight loss in obese mice, and increased insulin sensi-

tivity.14,15 Whereas mice tolerate treatment with DGAT1 inhibitors

very well, clinical trials in humans all have been associated with

adverse gastrointestinal effects, mainly severe diarrhea.15 This species

difference might be caused by the fact that humans lack DGAT2

expression in the small intestine.16 Whether DGAT2 is expressed in

the feline intestine is unknown.

In our feline model, a DGAT1 inhibitor decreased the accumula-

tion of TAG, whereas a DGAT2 inhibitor did not. This observation

suggests that DGAT1 mainly is important in synthesizing TAG from

external fatty acids. This conclusion is in agreement with a previously

described model system,13 showing a role for DGAT1 in the response

to exogenous fatty acids. Administration of a combination of DGAT1

and DGAT2 inhibitors resulted in stronger inhibition of TAG accumu-

lation than did the DGAT1 inhibitor alone. Potentially, DGAT2 might

be involved in TAG synthesis in our system in which DGAT1 can com-

pensate for DGAT2 inhibition but not conversely. It is also possible

that DGAT2 only becomes active if no DGAT1 activity is present.

As with all drugs interfering with TAG synthesis and accumulation,

lipotoxicity caused by FFAs might be a reason for caution in treating

cats with hepatic lipidosis using DGAT1 inhibitors. Because in cats

with hepatic lipidosis FFA concentration and flux in the blood are high,

preventing TAG formation might cause relocation of fatty acids to other

tissues or might increase fatty acid breakdown. Only when there is

insufficient capacity to oxidize fatty acids might an accumulation of

FFAs cause cytotoxicity. Moreover, DGAT1 has been implicated in the

protection of mitochondrial function by preventing lipotoxicity during

autophagy induced by starvation.17 Likewise, DGAT1 has been reported

to protect the endoplasmic reticulum of adipocytes from lipotoxicity dur-

ing lipolysis by repacking part of the released FFAs back into TAG.18

Although mice tolerate DGAT1 inhibition well, the adverse gastrointes-

tinal effects observed in humans and the potential of increased lipotoxicity

suggests caution in using them to treat cats with hepatic lipidosis. To our

knowledge, DGAT1 inhibitors have not been used in cats before and

potential adverse in vivo effects in this species therefore are unknown.

The drug AICAR is mainly known to the public for its potential use in

doping, and it has been placed on the list of illegal substances by theWorld

Anti-Doping Agency. The reason it can be used for doping is that it is an

exercise mimetic.19 After phosphorylation within the cell, AICAR becomes

5-amino-4-imidazolecarboxamide ribose-monophosphate (ZMP), an ana-

log of AMP. Adenosine monophosphate (and ZMP) can activate AMP-

activated protein kinase (AMPK) both by direct allosteric activation and by
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F IGURE 4 Relative gene expression of perilipin 2. Organoids
were incubated in the absence (no-free fatty acids [FFA]) or presence
of additional fatty acids and in the absence or presence of
5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside (AICAR, an
adenosine monophosphate kinase activator, 2mM), T863
(diacylglycerol O-acyltransferase 1 [DGAT1] inhibitor, 20 μM), or a
combination of a T863 (DGAT1 inhibitor, 20 μM) and PF 06424439
(DGAT2 inhibitor, 50 μM). Closed dots represent undifferentiated
organoids, each dot one donor. Open dots represent differentiated
organoids, each dot one donor. **** P < .001. PLIN2 gene expression
in the presence of additional fatty acids is set at 100%
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promoting the reactivation of dephosphorylated AMPK by AMPK kinase

(AMPKK).20 Activation of AMPK has various effects in different tissues.

For example, it increases food intake by stimulating the hypothalamus. In

muscles it increases fatty acid uptake and oxidation, in adipose tissue it

decreases fatty acid synthesis and lipolysis, and in the liver it decreases

gluconeogenesis and fatty acid synthesis and increases fatty acid oxida-

tion. In short, it switches on catabolic pathways and switches off anabolic

pathways (reviewed by Kahn et al21 and Viollet et al22). Activation of

AMPK in mice with a fatty liver decreased the lipid content back to nor-

mal.23 Whereas these effects of AICAR on lipid metabolism would be

very beneficial in cats with hepatic lipidosis, its inhibitory effect on gluco-

neogenesis might pose a risk for anorectic cats. A marked decrease in

plasma glucose concentration in fasting mice after intraperitoneal injec-

tion of AICAR has been reported.24 On the other hand, cats with hepatic

lipidosis have been reported to quickly become hyperglycemic after

refeeding or after glucose infusion,25 in which case a decrease in plasma

glucose concentrationmight also be beneficial.

Our results show a decrease in the expression of PLIN2 after treat-

ment with AICAR. Perilipin 2 is a protein present on lipid droplets that is

known to influence lipid storage within lipid droplets. Knockdown of

PLIN2 in mice decreases the size and number of lipid droplets and

decreases total TAG amounts within livers of mice. Knockdown protects

against hepatic lipidosis induced by feeding mice a high-fat diet.26,27 The

presence of PLIN2 on lipid droplets has been suggested to protect lipid

droplets from degradation by autophagy.26 The PLIN2 protein can be

phosphorylated by AMPK, after which it is targeted for degradation in

lysosomes by chaperone-mediated autophagy.28 After removal of PLIN2,

the lipid droplets become susceptible to degradation either by cytosolic

lipases or by macroautophagy.29 Our results show that mRNA expression

of PLIN2 increases upon the addition of fatty acids to the medium, and

this increase is prevented by treatment with AICAR but not significantly

after treatment with T863. It remains to be determined whether AICAR

acts directly or indirectly on PLIN2 expression.

The feline liver organoid system previously was introduced as a

means to model hepatic lipidosis.8 To measure changes in lipid content,

these investigators used an FACS-based method. This approach is a time-

consuming and indirect method because it measures lipid content using

LD540 as a fluorescent dye. It is not clear whether measuring LD540 by

FACS is linear, and by generating single cells from organoids, a potential

bias might be introduced, for example, if cells with large amounts of TAG

are more vulnerable to cell death during these procedures. The method

we used works faster and measures TAG directly by an established

method that is linear to many orders of magnitude. Results from samples

in the absence or presence of additional FFAs showed that this new

method is sensitive enough to detect basal concentrations of intracellular

TAGs and the increase induced by additional fatty acids. Preventing syn-

thesis of TAG by addition of both a DGAT1- and a DGAT2- inhibitor

resulted in no increase in TAG. Although this hepatic model is the only

species-specific in vitro model available for cats, drugs identified in our

study require further testing before application in the clinic. For the

DGAT1 inhibitor, a study to evaluate potential gastrointestinal adverse

effects in healthy cats is advisable. In the case of AICAR, plasma glucose

concentrations must be closely monitored in cats with hepatic lipidosis.

To conclude, 2 potential drugs useful in the treatment of cats with

hepatic lipidosis were identified. The drug T863 inhibits DGAT1, indicat-

ing that DGAT1 is the primary enzyme responsible for TAG synthesis

from external fatty acids in cat liver organoids. The drug AICAR may act

as a lipid-lowering compound by decreasing PLIN2 mRNA expression.

Our study shows the potential for the use of feline adult stem cells as an

in vitro tool for drug testing in a species-specific system and provides the

basis for further clinical testing of these steatosis-lowering drugs.
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