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Abstract

Hepatocytes constitute the majority of hepatic cells, and play a key role in controlling systemic
innate immunity, via pattern-recognition receptors (PRRs) and by synthesizing complement
and acute phase proteins. Leishmania infantum, a protozoan parasite that causes human and
canine leishmaniasis, infects liver by establishing inside the Kupffer cells. The current study
proposes the elucidation of the immune response generated by dog hepatocytes when exposed
to L. infantum. Additionally, the impact of adding leishmanicidal compound, meglumine
antimoniate (MgA), to parasite-exposed hepatocytes was also addressed. L. infantum presents
a high tropism to hepatocytes, establishing strong membrane interactions. The possibility of L.
infantum internalization by hepatocytes was raised, but not confirmed. Hepatocytes were able
to recognize parasite presence, inducing PRRs [nucleotide oligomerization domain (NOD)1,
NOD2 and Toll-like receptor (TLR)2] gene expression and generating a mix pro- and anti-
inflammatory cytokine response. Reduction of cytochrome P 450s enzyme activity was also
observed concomitant with the inflammatory response. Addition of MgA increased NOD2,
TLR4 and interleukin 10 gene expression, indicating an immunomodulatory role for MgA.
Hepatocytes seem to have a major role in coordinating liver’s innate immune response against
L. infantum infection, activating inflammatory mechanisms, but always balancing the inflam-
matory response in order to avoid cell damage.

Introduction

The liver performs a remarkable number of life-supporting functions that influence all physio-
logic systems. The main essential functions of the liver are related to protein synthesis and
metabolism, including amino acids, carbohydrate, lipid and vitamin metabolism. Also, the
degradation of toxins, xenobiotics and waste products are essential functions performed by
the liver (Mitra and Metcalf, 2009). Leishmania infantum, a protozoan parasite, and the
agent of zoonotic visceral leishmaniasis (ZVL) and canine leishmaniasis (CanL) is able to tar-
get the liver, establishing inside the Kupffer cells (KC), the liver resident macrophages (Kaye
and Beattie, 2016). Although not considered a lymphoid organ, the liver is also responsible for
several immune functions, such as the removal of pathogens and exogenous antigens from the
systemic circulation and production of several immune components. Hepatocytes constitute
the majority of the hepatic cells and, although their primary role is of metabolic nature,
they also play a key role in controlling systemic innate immunity via pattern-recognition recep-
tors (PRRs) and trough production of complement plasma components (Szabo et al., 2006;
Sarma and Ward, 2011; Jenne and Kubes, 2013). These elements of the innate immune system
represent an evolutionarily conserved first line of defense against pathogens. During an acute
phase or a systemic inflammatory response, a variety of pro-inflammatory cytokines, such as
interleukin (IL)-6, IL-1, tumour necrosis factor (TNF)-α and interferon (IFN)-γ can stimulate
hepatocytes to produce high levels of complement and secreted PRRs (Gao et al., 2007). The
liver, not only is the major source of secreted PRRs, but also expresses membrane-bound
PRRs, such as Toll-like receptors (TLRs) and intracellular PRRs such as nucleotide oligomer-
ization domain (NOD)-like receptors, that recognize pathogen-associated molecular patterns
(PAMPs). Hepatocytes express innate immune receptors and in many cases, have been
demonstrated that recognize pathogen-associated ligands and display an innate immune
response (Zhou et al., 2016). TLRs play a vital role in viral and parasitic infections of
the liver, in ischaemia-reperfusion injury, and in toxic liver damage, promoting antipathogen
immunity but also hepatocellular injury and fibrogenesis (Bigorgne and Crispe, 2010; Broering
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et al., 2011). Hepatocytes express messenger RNAs for all known
TLRs, but their role in hepatocyte defense against invading patho-
gens is less clear. NODs comprise another family of intracellular
PRRs, that are important for recognition of cell damage and of
PAMPs. NOD1 and NOD2 are specialized NOD-like receptors
that participate in the recognition of a subset of pathogenic
microorganisms that are able to invade and multiply intracellu-
larly (Franchi et al., 2009; Scott et al., 2010). Once activated,
these receptors trigger intracellular signalling pathways that lead
to the activation of transcriptional responses, culminating in the
expression of a subset of inflammatory genes. NODs role is not
yet well defined in liver immunology (Inohara and Nuñez,
2001; Scott et al., 2010). In the context of CanL, the role of
TLRs and NODs is still poorly understood. In humans, dogs
and in genetically susceptible mice, the liver, the spleen and the
bone marrow are major sites for the growth of visceral
Leishmania parasites and development of associated pathology.
Although there is some evidence regarding the immune response
of target organs against Leishmania parasites from murine models
(Stanley and Engwerda, 2007; Bankoti and Stäger, 2012), less
is known about the specific immune responses occurring in
these organs in humans and dogs (Sanchez et al., 2004;
Alexandre-Pires et al., 2010; Rodríguez-Cortés et al., 2016). One
remarkable aspect of murine visceral leishmaniasis (VL) is the
distinct growth rate of parasites in infected organs. Infection in
the liver is characterized by a rapid increase in the parasite bur-
den, followed by clearance of the parasite (Murray, 2008). This
self-curing mechanism in the liver is attributed to the develop-
ment of a T helper (Th)1 granulomatous response characterized
by a high production of IFN-γ by CD4+ T cells. Indeed, granu-
lomas are poorly formed in sick dogs and patients with progres-
sive VL, that do not develop mature granulomas. Livers of
asymptomatic dogs showed an effective immunity with well-
organized granulomas able to isolate and restrain parasite spread-
ing, in an immune environment of activated effector T cells,
dendritic cells (DCs) and central memory cells. In contrast,
liver of symptomatic dogs showed a non-organized and ineffective
infiltrate of T cells and heavily parasitized KCs (Sant’Ana et al.,
2007; Murray, 2008). Despite these local responses, Leishmania
is able to disseminate and produce symptomatic VL. The parasite
is able to target and alter the function of the host immune system
by suppressing host protective Th1 responses, generate defective
CD8+ T cells and inhibit DC function (Ato et al., 2006).
Interacting with different cell subsets and inducing IL-10 produc-
tion, the parasite generates an immunosuppressive environment,
thus favouring its survival in the host (Smelt et al., 2000;
Olivier et al., 2005; Gupta et al., 2013). Curiously, the role played
by hepatocytes in orchestrating the immune response and/or in
the granuloma formation in the context of a L. infantum infection
has not yet been addressed. As hepatocytes constitute the majority
of the hepatic cells and in recent years have been shown that
hepatocytes play a key role in innate immunity, we aimed to elu-
cidate the innate immune response exhibited by hepatocytes in
the presence of L. infantum parasites, by assessing the impact
on cell metabolism and immune response. The effect of meglu-
mine antimoniate (MgA), as a leishmanicidal compound, in the
immune response produced by hepatocytes was also explored.

Methods

Leishmania infantum parasites

Leishmania infantum zymodeme MON-1 (MHOM/PT/89/
IMT151) were cultured in Schneider’s drosophila medium with
L-glutamine (SCHN, Sigma-Aldrich) supplemented with 10% (v/v)
of heat-inactivated foetal bovine serum (FBS, Sigma-Aldrich)

and penicillin–streptomycin (Biochrom) at 100 U ml−1 and
100 µg ml−1 respectively (complete SCHN medium) at 24 °C.
Only virulent parasites with less than five passages were used
(Santos-Gomes and Abranches, 1996). To differentiate L. infan-
tum axenic amastigotes, stationary phase virulent promastigotes
(2 × 106 parasites ml−1) were inoculated into complete SCHN
medium (pH 5.5) supplemented with 2% of filtered human
urine (from a healthy male donor). Cultures were incubated at
37 °C under a humidified atmosphere with 5% CO2 for 3 weeks
to allow complete amastigote transformation. Amastigote dif-
ferentiation was followed by inverted microscopy (Olympus,
CKX41) and confirmed with a scanning electronic microscope
(JEOL5200-LV). Green fluorescent protein (GFP)-expressing
L. infantum promastigotes (Marques et al., 2015) were maintained
in culture, using complete SCHN medium supplemented with
25 µg ml−1 of geneticin (Sigma-Aldrich). GFP-amastigotes were
also obtained using the complete SCHN medium above described
supplemented with 25 µg ml−1 of geneticin. Amastigote differenti-
ation was confirmed under a fluorescence microscope equipped
with a GFP filter (Nikon eclipse 80i) and Nikon DS-Ri1 camera.

Hepatocyte isolation

Hepatocyte cells were isolated from 12 livers of healthy dogs
(Canis lupus familiaris), by an adapted two-step perfusion proto-
col followed by collagenase digestion and a Percoll® gradient cen-
trifugation (Miranda et al., 2009, 2010). A hepatic lobe was cleaned
externally with a NaCl solution supplemented with 0.9% of penicil-
lin/streptomycin and blood perfusion was performed with
Perfusion I solution [2.4 M ethylene glycol tetraacetic acid,
142 mMNaCl, 6.7 mMKCl and 10 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulphonic acid (HEPES) at pH 7.4] heated at 38 °C. To
digest tissue collagen, allowing the release of single hepatocytes, a
second perfusion was implemented using the Perfusion II solution
(67 mMNaCl, 6.7 mM KCl, 100 mMHEPES, 4.8 mM CaCl2, pH 7.6)
supplemented with 250 mg of collagenase H (Roche) and 0.5%
albumin (Prolabo®), heated at 38 °C. The cell suspension was
filtered through sterile gauze and centrifuged at 50 g for 10 min at
4 °C. Pellets were re-suspended in Williams’ E medium
(Sigma-Aldrich) and 3.5 × 106 cells ml−1 resuspended in 6 ml of
Williams’ E medium were overlaid into 20 ml of 25% Percoll®
(GE Healthcare) in 1× phosphate-buffered saline (PBS) and centri-
fuged at 1300 g for 20 min at 4 °C. Viable hepatocytes were washed
two times with cold 1× PBS and the final pellet was resuspended in
supplement Williams’ E medium [penicillin (100 Uml−1)/strepto-
mycin (100 µg ml−1) (Sigma-Aldrich), 1.4 µM hydrocortisone
(Sigma-Aldrich), 15 mM HEPES (Sigma-Aldrich), 1 mM sodium
pyruvate (Sigma-Aldrich), 1 mM non-essential amino acids
(Biochrom), 40 µg ml−1 gentamycin (Sigma-Aldrich) and 10% (v/
v) FBS]. Cells (5 × 105 cells ml−1) were plated in a 24 well-plate
and medium replaced with fresh medium at 24, 48 and 72 h post-
isolation. During all procedures, cells were routinely followed by
an inverted microscope and digital images were acquired with an
Olympus CS30 camera.

Hepatocyte exposure to L. infantum

L. infantum virulent promastigotes, axenic amastigotes, GFP-
promastigotes or GFP-axenic amastigotes were washed with
PBS, added to hepatocytes in a proportion of 3:1 parasites per
hepatocyte and left to incubate for 72 h at 37 °C under a humidi-
fied atmosphere with 5% CO2. Samples of medium and cells were
collected from duplicate wells at 1.5, 3, 5, 24, 48 and 72 h.
Non-exposed control hepatocytes were also incubated for 72 h.
As a positive control of inflammation, Escherichia coli lipopoly-
saccharide (LPS, Sigma-Aldrich) was added to hepatocyte cultures
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(1 µg ml−1) and incubated for 72 h. Cultures were followed by
optical microscopy observation under an inverted microscope
and digital images were acquired.

Meglumine antimoniate

After 72 h of incubation, fresh medium and 100 µM of MgA
(300 mg SbV ml−1, Glucantime®-Merial) was added to hepato-
cytes (control) and to hepatocytes exposed to L. infantum amas-
tigotes, ensuring the minimal cell disturbance. Cells were
incubated at 37 °C under a humidified atmosphere with 5%
CO2. Samples of medium and cells were collected from duplicate
wells at 1.5, 3, 5, 24, 48 and 72 h of incubation with MgA.
Cultures were followed by optical microscopy observation under
an inverted microscope.

Parasite viability

To estimate the viability of parasites (L. infantum amastigotes)
that were in contact with hepatocytes in the presence of MgA,
an adapted limit dilution assay (LDA) was performed. At each
time point, the culture medium was removed, causing minimal
disturbance to adherent hepatocytes and parasites, and sediments
were re-suspended in 1 ml of complete SCH medium. Cell
suspension (200 µl) was added to the first column wells of a sterile
96 well plate and 1:4 serial dilutions were done. Plates were sealed
and incubated at 24 °C for 15 days. In parallel, amastigote-
to-promastigote differentiation in the absence of hepatocytes or
MgA was used as a control. Samples were collected in duplicate
and LDA performed in quadruplicate. Each well was observed
under an inverted optical microscope and the presence of motile
promastigotes was registered as positive titres. Parasite viability
was estimated by the rate between the reciprocal of the obtained
titres and the reciprocal of the highest positive titres obtained
for amastigote differentiation without previous contact with hepa-
tocytes or drug (control).

Hepatocyte viability

To ensure that hepatocytes were viable during MgA treatment, the
mitochondria’s reducing ability was evaluated using resazurin
(7-hydroxy-3H-phenoxazin-3-one-10-oxide – Sigma-Aldrich).
At each time point, 25 µl of a 1.25 mM resazurin solution in 1×
PBS was added to each well and incubated for 24 h. Plates were
read in a fluorometer (TRIADTM 1065, DYNEX Technologies)
with excitation and emission wavelengths of 535 and 595 nm,
respectively. Non-treated hepatocytes (viable cells) and parafor-
maldehyde (Sigma-Aldrich) fixed hepatocytes (non-viable cells)
were used as controls.

Assessment of cell–parasite interrelation

The interplay of parasites with hepatocytes was observed by fluor-
escent microscopy and scanning electron microscopy (SEM).
Hepatocytes (2.5 × 105 cells ml−1) were cultured for 72 h in an
eight-well chamber slides with cover (Lab-Tek II, Nunc) at 37 °C
under a humidified atmosphere with 5% CO2. L. infantum
GFP-amastigotes or GFP-promastigotes were added to cultured
cells in a proportion of three parasites per cell. Cells were incu-
bated with the parasite for 1.5, 3, 5, 24, 48 and 72 h. Adherent
cells were washed with 1× PBS and fixed with PBS 2% parafor-
maldehyde (m/v) for 20 min on ice. Cells were then permeabilized
with PBS 1% Tween-20 (v/v) (Sigma-Aldrich) and 0.2% fish gel-
atin (m/v) (Sigma-Aldrich) overnight at 4 °C and then incubated
in PBS 1% Tween-20 (v/v) 0.125% fish gelatin (m/v) with anti-
actin goat polyclonal antibody fluorescein isothiocyanate

conjugated (sc-1616, Santa Cruz) (1:500) and anti-ferritin goat
polyclonal antibody (sc-14416, Santa Cruz) (1:100) for 90 min
at room temperature. These polyclonal antibodies are described
as having cross-reactivity with several species, including the
dog. For the anti-ferritin staining, a rabbit anti-goat
immunoglobulin-G secondary polyclonal antibody-Alexa Fluor®
647 (ab150143, Abcam) was used at a dilution of 1:500.
Between primary and secondary antibodies, cells were washed
three times with PBS 0.08% Tween-20 (v/v) and finishing by
three more washes with 1× PBS. Slides for fluorescence micros-
copy were stained with TO-PRO®-3 that has a red-fluorescent
compound and digital images were acquired in a Leica TCS SP2
Laser Scanning Confocal Microscope. For SEM hepatocytes
were washed with cold 1× PBS and fixed with 2% paraformalde-
hyde (m/v) in PBS for 20 min on ice. Cells were washed again
with cold 1× PBS by centrifugation at 350 g for 10 min, filtrated
through a Millipore mesh and subsequently dehydrated in a
graded ethanol series [30, 50, 70, 80, 90 and 100% (v/v)].
Samples were dried using the critical point drying method, coated
with gold palladium and mounted on stubs. Cells were then
observed in a scanning electronic microscope (JEOL5200-LV)
and digital images were acquired.

Real-time polymerase chain reaction analysis

To evaluate the immune response exhibited by hepatocytes, gene
expression of cell sensors and cytokines were quantified by a real-
time polymerase chain reaction (PCR) quantitative method, using
previous described primers (Rodrigues et al., 2017). RNA extrac-
tion was performed using a NZY Total RNA Isolation kit
(Nzytech Genes & Enzymes) and cDNA synthesis was done
with a NZY First-strand cDNA Synthesis kit (Nzytech Genes &
Enzymes) according to the manufacturer’s indications.
Real-time PCR was performed in a 7500 FAST Real-Time PCR
System thermal cycler (Applied Biosystems). Amplification was
carried out as described in Rodrigues et al. (2017). External
cDNA standards were constructed for all target genes by cloning
PCR fragments, generated by the same primers, into a
pGEM®-TEasy Vector according to the manufacturer’s recom-
mendations (Promega, USA) and as described by Rodrigues
et al. (2006). The number of copies of each gene was normalized
to the housekeeping gene β-actin, in order to regularize differ-
ences in relative quantities of initial cDNA in the sample. The
final results for each gene were expressed as the log of the number
of gene copies per 1000 copies of β-actin.

Urea and nitric oxide production

Urea and nitrate/nitrite quantification was performed using a
commercial kit QuantiChrom™ Urea Assay Kit-DIUR-500
(BioAssay System) and Nitrate/Nitrite Colorimetric Assay kit
(Abnova) respectively, accordingly with the manufacturer’s
recommendations. For urea quantification, the intensity of the
colour, measured at 450 nm, is proportional to the urea concen-
tration in the sample. Supernatants of cell cultures were centri-
fuged at 500 g for 10 min and plated (50 µl well−1) in a 96 well
plate (Nunc). Standard urea concentration and blank (water)
were included and calculations were performed accordingly to
the manufacturer’s instructions. For nitrate/nitrite quantification,
a standard curve was obtained with nitrate 1:5 serial dilutions and
blank (medium) and supernatants of cell cultures centrifuged at
500 g for 10 min were plated (80 µl per well) in a 96 well plate.
Absorbance was measured at 550 nm (BioRad-680, microplate
reader). Supplement hepatocyte culture medium Williams’ E
was also assessed and its value reduced to all samples, to avoid
any interference.
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Cytochrome P (CYP) 450s enzyme activity

Activity of phase I alkoxyresorufin O-dealkylation (AROD) of
CYP450 family in hepatocytes exposed to parasites and MgA
was analysed using the following substrates: 7-ethoxyresorufin
(EROD, dog CYP1A1 and CYP1A2 enzymes), 7-methoxyresoru-
fin (MROD, dog CYP1A2 and CYP1B), 7-pentoxyresorufin
(PROD, dog CYP2B11) or 7 benzyloxyresorufin (BROD, dog
CYP2B11, CYP3A12 and CYP3A26). All substrates were pur-
chased from Sigma-Aldrich and dissolved in Williams’ E medium
with 10 µM dimethyl sulphoxide. After careful removal of the
medium, fresh culture medium containing 10 µl of substrates
was added to hepatocytes and left to incubate for 1 h at 37 °C
under a humidified atmosphere with 5% CO2. Then, supernatants
were collected in duplicate and centrifuged to eliminate any
debris. In a sterile 96 well black plate (Nunc), 200 µl of each
sample was plated in triplicate. A standard curve was performed
with resorufin (Sigma-Aldrich) and the fluorescence was read
on a fluorometer with excitation and emission wavelengths
of 535 and 595 nm, respectively. As for phase II uridine
5′-diphospho-glucuronosyltransferase (UDP-glucuronosyltransferase,
UGT), cells were incubated with fresh culture medium with a final
concentration of 10 mM of 4-methylumbelliferone (4-MU)
(Sigma-Aldrich), during 1 h at 37 °C under a humidified atmos-
phere with 5% CO2. The assay was performed in duplicate.
After incubation, supernatants were centrifuged at 500 g, for
10 min at 4 °C and analysed in triplicate by fluorescence emission
on a fluorometer (BIOTEK® FLx800) with excitation at 360/40 nm
and emission at 460/40 nm. A standard curve was performed with
4-MU, starting at 10 mM and followed by 1:2 serial dilutions.
4-MU mobilization was calculated by subtracting the amount
detected in samples to the initial amount of 4-MU. A blank con-
stituted by Williams’ E culture medium, a substrate control assay
and, culture medium was also included.

Statistical analysis

The non-parametric Wilcoxon test for two related samples was
used to compare differences between time points and different
experimental conditions. Data analysis was performed using soft-
ware IBM SPSS Statistics version 16.0 (IBM, USA). A significance
level of 5% (P < 0.05) was used as indicative of statistical
significance.

Results

Hepatocytes interact with L. infantum parasites

Cells isolated from dog livers presented typical hepatocyte
morphology, exhibiting a round shape, prominent nucleus and
abundant intracellular organelles associated with metabolic and
secretory functions, easily observed due to refrangibility of light
(Fig. 1A). Cell membrane topography evidenced a smooth aspect
(Fig. 1B), indicating the absence of major perturbations caused by
the isolation process. Furthermore, hepatocytes showed a network
of actin microfilaments in the cytoskeleton (Fig. 1C) and several
spots of actin deposition (green spots), probably indicating secre-
tory vesicles. Cells also exhibited spots staining for ferritin (red),
some of which co-localized with actin. The presence of high levels
of ferritin, a complex that stores and releases iron in a controlled
way, has been described as characteristic of these cells.

To investigate how hepatocytes sense and respond to the pres-
ence of L. infantum, plated hepatocytes were exposed to amasti-
gote and promastigote morphological forms. Parasites evidenced
a strong tropism for hepatocytes, directly interacting with the
cell membrane (Figs 2 and 3), indicating that L. infantum is
highly attracted by hepatocytes. In some cases, parasites even
seemed to be uptake by hepatocytes (Fig. 3, 24 h incubation)
but in a non-conclusive way. After 5 h of parasite exposure

Fig. 1. Hepatocyte morphology. Cell samples with 24 (A)
and 48 h (B) of culture were observed under an optical
inverted microscope (A, scale bar: 20 µm, ×400 magnifica-
tion) and a SEM (B) and images were acquired.
Individualized cells with round shape, nucleus and abun-
dance of intracellular organelles (A) with a tendency to
aggregate (A, B and C) were identified. Hepatocytes with
a smooth cell membrane were observed 48 h after isola-
tion (B). Artificial colour (B) was applied to cells (red) to
evidence cell morphology. Hepatocytes incubated for
72 h (C) were stained for actin (green), a component of
cell cytoskeleton, and for ferritin (red), usually prevailing
in secretory vesicles. Cells were observed under a fluores-
cence confocal microscope and images were acquired.
The characteristic rounded shape of individualized hepa-
tocytes, nuclei (black round spots) and cell aggregates
are also observed.
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(Figs 2A and 3), parasites appeared to be strongly attached to hep-
atocyte membrane, remaining linked over the 72 h of incubation.
Promastigote flagella were observed in close connection to the
hepatocyte membrane (Fig. 2, 5 and 24 h of incubation), while
the amastigote membrane was bound to hepatocyte cell mem-
brane (Fig. 2B). In addition, promastigotes seemed to induce
hepatocytes to generate more vesicles rich in actin filaments,
what is probably related to increased secretion (Fig. 3). After
5 h of promastigote exposure, ferritin spots were enlarged and
localized, mainly in the cell membrane region, pointing towards
the sequestration of ferritin (Fig. 3, 5 and 24 h of incubation).

Hepatocyte metabolism is disturbed by L. infantum parasites

In order to better characterize the hepatocyte response to
L. infantum, several metabolic parameters were assessed. Urea

constitutes a hepatocyte characteristic detoxification product
and is highly influenced by the presence of inflammatory stimuli.
Accordingly, while hepatocytes non-exposed to L. infantum pre-
sented a steady urea production, when in contact (1.5 h) with
amastigotes (P = 0.0313) or promastigotes (P = 0.0156), they
reacted with a burst of urea production (Fig. 4A), similarly to
what is observed upon LPS stimulation (P = 0.0313) which was
used here as a positive control. This suggests that parasites are
sensed by hepatocytes as a cause of stress. After 24 h of exposure
to parasites, hepatocytes reduced the urea production significantly
(Pamastigotes = 0.0313, Ppromastigotes = 0.0156). De novo urea pro-
duction decreased to minimal values after 72 h of parasite ex-
posure and LPS-stimulation (Pamastigotes, promastigotes, LPS =
0.0313). Hepatocytes non-exposed to L. infantum evidenced a
residual nitric oxide (NO) and the exposure to parasites increased
NO production (Fig. 4B). The levels of NO in cells incubated

Fig. 2. Hepatocytes exposed to L. infantum. (A) Culture samples
obtained at 1.5, 5 and 24 h of promastigotes exposure were col-
lected and observed under an inverted microscope (OM, scale
bar: 20 µm, ×400 magnification) and a SEM and images were
acquired. At early parasite exposure (1.5 h), promastigotes are
in the proximity of hepatocytes but, with incubation time, pro-
mastigotes surround the hepatocyte (5 h) and parasite inter-
action with the cell membrane of hepatocyte becomes evident
(24 h). The interaction of the parasite with the cell membrane
(white arrows) can be observed. SEM images artificial coloured
evidenced the close interaction of the promastigote form (yel-
low) and the hepatocyte membrane (red). Culture samples
obtained at 24 h of amastigotes exposure were collected and
observed under an inverted microscope (OM, scale bar: 20 µm,
×400 magnification) and SEM and images were acquired (B).
The interaction of the parasite with the cell membrane (white
arrows) can be seen and parasites exhibiting amastigote mor-
phological characteristics can be observed. SEM images artificial
coloured evidenced the close interaction of the amastigote form
(yellow) and the hepatocyte membrane (red).
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Fig. 3. Actin and ferritin in cultured hepatocyte exposed to L. infantum virulent promastigotes. Hepatocytes incubated for 24 h in the presence of L. infantum pro-
mastigotes (with arrows) were stained for actin (green), a component of cell cytoskeleton, and for ferritin (red), frequently present in secretory vesicles. Cells were
observed under a fluorescence confocal microscope and images were acquired. Hepatocytes present a large round nucleus (stained red by TO-PRO®).
Promastigotes exhibit a high tropism to hepatocytes and seem to induce hepatocyte to generate more vesicles (5 h).

Fig. 4. Production of urea and NO by hepatocytes exposed to L. infantum. Hepatocytes were used to evaluate de novo production of urea (A) and NO (B) after 72 h
of exposure to amastigotes or promastigotes. In parallel, non-exposed hepatocytes and LPS-stimulated hepatocytes were also evaluated as negative and positive
controls, respectively. Results of samples of 12 livers performed in triplicate are represented by mean and standard error (A) or by box plots and whiskers (median,
minimum to maximum) (B). The non-parametric Wilcoxon test was used for statistical comparisons. *Represents values of statistical significance (P < 0.05) when
comparing non-exposed hepatocytes vs the other conditions.
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with parasites for 24 h were significantly higher than those of
non-stimulated cells. High NO levels were sustained for 72 h
in the presence of amastigotes (P = 0.0313) and promastigotes
(P = 0.0469), as well as of LPS stimulated cells (P = 0.0469).

CYP450 enzymes, commonly designated as phase I enzymes
and phase II UGT enzyme were assessed to investigate how
inflammatory stimuli might influence hepatocyte xenobiotic
metabolism (Supplementary Fig. 1). Results indicate that L. infan-
tum presence, regardless of the parasite morphological form used,
tends to slight disturb the normal activity of CYP450 enzymes.

Hepatocytes sense and react to L. infantum parasites

The early immune response triggered by hepatocytes exposed to
L. infantum amastigotes or promastigotes was assessed by evalu-
ating the gene expression of innate immune receptors (TLR2,
TLR4, TLR9, NOD1 and NOD2) and of cytokines (IL-10,
TNF-α and IL-6) by real-time PCR. Compared with resting hepa-
tocytes, amastigotes progressively induced the increase of NOD1
gene expression that reached significant values after 24 h (P =
0.0371) (Fig. 5A). Hepatocytes exposed to amastigotes also exhib-
ited an increase of NOD2 mRNA (Fig. 5B) at 1.5 h (P = 0.0195).
Promastigote exposure led to the increase of NOD2 mRNA at 5 h
(P = 0.0020) and 24 h (P = 0.0353) when compared with resting
cells. These responses are in line with those triggered by the posi-
tive control that induced a significant increase of NOD2 gene
expression (P = 0.0049) upon 24 h of exposure. Gene expression
of TLR2, TLR4 and TLR9 showed some fluctuation although
not significantly different from resting hepatocytes.

Taken together, these findings suggest that hepatocyte immune
status is disturbed by both L. infantum morphological forms, gen-
erating intracellular NOD1 and NOD2. The observed fluctuations
of TLR mRNA seem to reflect a probable hepatic tolerance to
parasites as no major expression increase was observed
(Supplementary Fig. 2).

An initial and transitory burst of IL-10 mRNA was detected in
hepatocytes exposed to amastigotes (P = 0.0269, Fig. 6A) while
promastigotes generated a notorious augment of IL-10 after
24 h (P = 0.0186). LPS-stimulated hepatocytes also reacted
with an increase in IL-10 mRNA at 1.5 h (P = 0.0024) and at
5 h (P = 0.0049). Gene expression of pro-inflammatory IL-6 was
low throughout the study (Fig. 6B), except at 5 h of hepatocyte
contact with promastigotes where an increase of IL-6 mRNA
was found (P = 0.0342). When compared with resting hepato-
cytes, gene expression of pro-inflammatory TNF-α increased sig-
nificantly in hepatocytes exposed to promastigotes from 1.5 to 5 h

(P1.5 h = 0.0391, P5 h = 0.0389) (Fig. 6C). However, long (24 h)
exposure to amastigotes was needed for hepatocytes to exhibit
a significant accumulation of TNF-α mRNA (P = 0.0245).
LPS-stimulated hepatocytes presented a steady increase of
TNF-α mRNA (P1.5 h = 0.0186, P5 h = 0.0210) over the first 5 h
of incubation.

These results indicate that the contact with L. infantum
induces hepatocytes to generate pro- and anti-inflammatory
cytokines.

Treatment with MgA stimulates both immunity and
metabolism of hepatocytes exposed to L. infantum parasites

To verify the viability of hepatocytes in the presence of MgA, a
resazurin assay was performed. The assay demonstrated that add-
ition of MgA to cultured hepatocytes did not disturb cell viability
throughout the 72 h of incubation (Fig. 7A). The leishmanicidal
potential of MgA in the presence of hepatocytes plus L. infantum
was evaluated through an adapted limiting dilution assay
(Fig. 7B). As expected, MgA exhibited a strong leishmanicidal
activity that increased with the time of contact. At 1.5 and 5 h
incubation, a significant inhibition of parasite viability was
obtained (P1.5 h = 0.0355; P5 h = 0.0271) when compared with
non-treated parasites. After 24 h of treatment, the inhibition of
parasite growth reached the 100% and no viable parasites were
observed. Also, the activity of phase I (EROD, BROD, MROD
and PROD assays) and phase II (UGT assay) enzymes were
assessed in the presence of MgA. All the phase I enzymes evalu-
ated showed an increased activity rate in the presence of MgA
(Fig. 8). The addition of MgA to amastigote-exposed hepatocytes
induced the significant augment of EROD (P1.5, 24, 72 h = 0.0156;
P5 h = 0.0313) (Fig. 8A), BROD (P1.5–72 h = 0.0156) (Fig. 8B),
MROD (P1.5–72 h = 0.0313) (Fig. 8C) and PROD (P5, 24, 72 h =
0.0313) (Fig. 8D) activities throughout the time points evaluated
when compared with untreated amastigote-exposed hepatocytes.
Curiously, phase II UGT showed a steady activity profile over
the observation time (Fig. 8E).

These results reflect an important increase in CYP450 activ-
ities, indicating that MgA might be metabolized by CYP1A1,
CYP1A2, CYP2B11, CYP3A12, CYP3A26 and CYP1B enzymes.

After treatment, NOD1 gene expression of hepatocytes exposed
to amastigotes remained similar to non-treated amastigote-exposed
hepatocytes (Fig. 9A). On the contrary, the addition of MgA to
amastigote-exposed hepatocytes for 5 h led to an increase of
NOD2 mRNA (P = 0.0162, Fig. 9A). TLR gene expression
remained similar to non-treated amastigote-exposed hepatocytes

Fig. 5. (A) NOD1 and (B) NOD2 gene expression in hepatocytes exposed to L. infantum. Hepatocytes were used to evaluate NOD1 and NOD2 mRNA accumulation for
24 h of exposure to amastigotes or promastigotes. Hepatocytes not exposed to parasites and LPS-stimulated hepatocytes were also evaluated. Results of samples
of 12 liver performed in triplicate are represented by Tukey graphs. Black dots are indicative of outlier values. The non-parametric Wilcoxon test was used for
statistical comparisons (P < 0.05). *Represents values of statistical significance when comparing not-exposed hepatocytes vs the other conditions.
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(Fig. 9B). TLR4 gene expression exhibited the unique exception,
presenting a transient increase 5 h after MgA treatment (P =
0.0049) as a possible consequence of the high availability of para-
site antigens, resulting from parasite death.

The addition of MgA to hepatocytes led to a transient change
in the cytokine environment (Fig. 10). MgA significantly
increased IL-10 gene expression (P = 0.0098) when compared
with non-treated hepatocytes (Fig. 10A). However, IL-6 and
TNF-α gene expression did not show important differences
when compared with non-treated hepatocytes (Fig. 10B and C).

Altogether, these findings indicate that MgA induces canine
hepatocytes to generate anti-inflammatory cytokine IL-10, prob-
ably to preserve immune homoeostasis, avoiding excessive
inflammation.

Discussion

Hepatocytes constitute 70–85% of the liver’s mass, undertaking
vital roles in protein synthesis and storage, carbohydrate metabol-
ism, cholesterol synthesis and detoxification by metabolization of

Fig. 6. Gene expression of IL-10, IL-6 and TNF-α by hepatocytes exposed to L. infantum. Hepatocytes were used to evaluate IL-10 (A), IL-6 (B) and TNF-α (C) mRNA
accumulation for 24 h of exposure to amastigotes or promastigotes. Non-exposed hepatocytes and LPS-stimulated hepatocytes were also evaluated. Results of
samples of 12 livers performed in triplicate are represented by Tukey graphs. Black dots are indicative of outlier values. The non-parametric Wilcoxon test was
used for statistical comparisons (P < 0.05). *Represents values of statistical significance when comparing not-exposed hepatocyte vs the other conditions.

Fig. 7. Viability of dog hepatocytes and L. infantum axenic amastigotes exposed to MgA. The viability of 72 h-cultured hepatocytes incubated with MgA (A) was
evaluated for more 72 h by a resazurin assay. Non-treated hepatocytes (living cells) and hepatocytes fixed with paraformaldehyde (dead cells) were evaluated
in parallel. Samples of amastigote-exposed hepatocytes treated with MgA (B) for 1.5 and 5 h of incubation were plated in SCH medium and incubated at 24 °
C. In parallel, plated axenic amastigotes were also allowed to differentiate in promastigotes under the same conditions. The reciprocal of the last promastigote
positive dilution was considered as indicative of viability. The non-parametric Wilcoxon test was used for statistical comparisons. *Indicates significant differences
(P < 0.05). Inscribed values indicate the reduction obtained when compared to the amastigote reciprocal dilution (100% viability).
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Fig. 8. Phase I and phase II enzyme activity after MgA treatment of hepatocytes exposed to L. infantum axenic amastigotes. Hepatocytes treated for 72 h were used
to evaluate EROD (A), BROD (B), MROD (C), PROD (D) and UGT (E) enzyme activity. In parallel, the enzymatic activity of non-treated hepatocytes (LiAexp) was also
evaluated. Results of samples of 12 livers performed in triplicate are represented by box plots and whiskers (median, minimum to maximum). The non-parametric
Wilcoxon test was used for statistical comparisons. *Represents statistical significance values (P < 0.05) when comparing non-treated amastigote-exposed hepato-
cytes vs treated amastigote-exposed hepatocytes.

Fig. 9. Gene expression of PRRs by amastigote-exposed hepatocytes after MgA treatment. Hepatocytes treated with MgA were used to evaluate NOD1, NOD2 (A),
TLR2, TLR4 and TLR9 (B) mRNA accumulation for 24 h. In parallel, PRR gene expression was also evaluated in non-treated amastigote-exposed hepatocytes
(LiAexp). Results of samples of 12 livers performed in triplicate are represented by Tukey graphs. Black dots are indicative of outlier values. The non-parametric
Wilcoxon test was used for statistical comparisons. *Indicates statistically important differences (P < 0.05) when comparing treated and non-treated hepatocytes.
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exogenous and endogenous substances. Adding to these trad-
itional hepatocyte associated functions, in recent years it has
been revealed that hepatocytes also play essential roles in immune
homoeostasis by controlling systemic innate immunity via pro-
duction of secreted PRRs and of complement components
found in plasma.

The liver is a main target organ of L. infantum. In contrast to
the spleen that stays chronically infected, infection in the liver is
normally self-containing. Resolution of disease in this organ is
associated with granuloma formation, which is one of the key fea-
tures of hepatic resistance. The resolution of the infection in the
liver (in humans, dogs and mouse models) is attributed to the
development of a Th1-dominated granulomatous response, that
is able to restrain the parasite dissemination and is characterized
by high IFN-γ, IL-12 and TNF-α production through CD4+ T
cells (Sant’Ana et al., 2007; Melo et al., 2009; Kaye and Beattie,
2016). IL-12 has been described, as an essential cytokine in the
development of protective immunity against Leishmania.
Blocking this cytokine reduces both IFN-γ production and granu-
loma formation in the liver of infected mice (Murray et al., 2006).
Hepatic resistance is attributed to the generation of reactive nitro-
gen and oxygen intermediates, both of which have been shown to
play a role in containing parasite growth during the early stages of
infection (Murray and Nathan, 1999; Mahmoud et al., 2016).
Hepatocytes express membrane-bound PRRs, such as TLRs and
NODs that can be triggered by exogenous ligands derived from
pathogens or by endogenous ligands resulting from cellular
injury, activating the immune response. TLR and NOD recogni-
tion is often associated with the production of pro-inflammatory
cytokines and generation of effector molecules, which promote
differentiation of Th1 cells, leading to an inflammatory response
(Murray and Nathan, 1999; Mahmoud et al., 2016). In the current

work, the gene expression of NOD1 and NOD2, as well as TLR2,
TLR4 and TLR9 exhibited by hepatocytes after exposure to L.
infantum was assessed. Amastigote and promastigote exposure
seems to be able to trigger hepatocyte immune response by indu-
cing NOD2 gene expression, while increases in NOD1 gene
expression seem to be caused only by the amastigote form and
after a long time of parasite exposure. It is possible that the
increased gene expression of these intracellular PRRs leads to
the activation of inflammatory and protective immune response
against L. infantum parasites, which is reflected by increased
NO production and TNF-α generation. However, only a few
Leishmania-derived molecules have been reported to activate
PRRs, being the most described the surface lipophosphoglycan
(Becker et al., 2003). Thus, the potential role played by the innate
immune receptors of hepatocytes in surveillance and activation
against L. infantum parasites is not easy to clarify. The current
work constitutes the first report addressing the innate immune
response exhibited by canine hepatocytes in the presence of L.
infantum. As the majority of studies were performed in MØ, it
makes it difficult a direct comparison with hepatocytes. MØ con-
stitutes the final host cells for Leishmania, but the parasite or
parasite antigenic fractions may establish a direct contact with
other non-immune cells, such as hepatocytes, which can sense
and react to them, influencing the immune response outcome.
The close interaction of parasites with hepatocyte’s membrane
together with the generation of intracellular PRRs NOD1 and
NOD2 raised the hypothesis that L. infantum might be interna-
lized by canine hepatocytes. Hepatocytes are known to display
phagocytic activity under special circumstances, although not in
a uniform manner (Soji et al., 1992; Dini et al., 2002). There is
evidence for the presence of L. donovani amastigotes within hepa-
tocytes in liver biopsies from VL patients having undergone

Fig. 10. Gene expression of IL-10, IL-6 and TNF-α by hepatocytes exposed to L. infantum axenic amastigotes after MgA treatment. Hepatocytes treated with MgA for
24 h and non-treated amastigote-exposed hepatocytes (LiAexp) were used to evaluate IL-10, (A), IL-6 (B) and TNF-α (C) mRNA accumulation. Results of samples of
12 livers performed in triplicate are represented by Tukey graphs. Black dots are indicative of outlier values. The non-parametric Wilcoxon test was used for stat-
istical comparisons. *Represents statistical significance values (P < 0.05) when comparing non-treated vs treated hepatocytes.

762 A. Rodrigues et al.

https://doi.org/10.1017/S0031182018002068 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182018002068


through successful therapy (Duarte et al., 1989). Gangneux et al.
(2005) demonstrated in vitro that murine, rat and human primary
hepatocytes were permissive to L. donovani promastigote infec-
tion, but parasites did not massively proliferate. Nevertheless,
these findings bring into question a possible role for hepatocytes
as a parasite reservoir, during host latent infection. The current
study gives evidence that hepatocytes can be permissive to both
morphological forms of L. infantum. Parasites exhibited a clear
tropism to hepatocytes and the interaction with the hepatocyte
membrane seems to be very strong. Furthermore, parasites can
induce gene expression of internal PRRs, raising the question of
a possible synergistic effect of both NOD1 and NOD2 in leading
to the activation of hepatocytes to produce inflammatory cyto-
kines IL-6 and TNF-α and breaking the immune tolerance that
characterizes the liver tissue, initiating a protective immune
response. These findings indicate that hepatocytes are active
cells in innate immune surveillance and that are able to initiate
an immune response.

Leishmania species are known to trigger MØ phagocytosis by
establishing ligation with surface receptors on these cells, facilitat-
ing Leishmania internalization. These include the first and third
complement receptor (CR1 and CR3, respectively), mannose
receptor, Fc gamma receptors (FcγRs, in particular FcγRII-B2)
and fibronectin receptors (FnRs) (Ueno and Wilson, 2012), that
act in synchrony with CR to phagocyte pathogens. It is described
the presence of FnRs (Johansson et al., 1987) and Fc receptors in
adult hepatocytes (Blumberg et al., 1995). By itself FnRs may
retain the pathogen, possibly being the major responsible for
the close interaction of L. infantum parasites with the hepatocyte
membrane unravelled in this study.

During the present experimental procedure, hepatocytes were
viable and metabolically active, positive for ferritin, a non-toxic
form of iron storage and transport and presenting urea production,
which is a characteristic of functional hepatocytes. Furthermore,
hepatocytes reacted to the presence of LPS, generating TNF-α
and IL-10. Hepatocyte culture, although not representing the full
complexity of the liver, constitutes an effective tool for understand-
ing how hepatocytes can be activated and orchestrate an immune
response, and how they react to pathogens.

Hepatocytes also sense and react to L. infantum parasites, gen-
erating immunomediators. IL-6 is a pleiotropic cytokine with
beneficial effects in the liver. This cytokine promotes liver regen-
eration and protects against a multitude of liver-damaging factors.
IL-6 together with TNF-α and IL-1 is required for induction of
the acute phase response, which has been regarded as part of
an attempt to maintain homoeostasis, promoting microorganism
opsonization and activating complement, or neutralizing proteo-
lytic enzymes (Streetz et al., 2001; Gruys et al., 2005). IL-6 has
also been associated with some of VL characteristic clinical
signs, such as fever. Downregulation of the hepatocytic acute
phase receptors is achieved by rapid hepatic removal of circulating
cytokines and release of IL-10, inducing tolerance and suppres-
sing the local IL-6 production (Heinrich et al., 1998; Jura and
Koj, 2011). Exposure of hepatocytes to L. infantum parasites
induced the expression of IL-10, together with IL-6 and TNF-α,
probably in order to maintain hepatocyte homoeostasis, inducing
tolerance and avoiding damages by excessive inflammation, which
can have important negative consequences.

MgA is a classical leishmanicidal drug belonging to the penta-
valent antimonial class. The addition of a leishmanicidal drug to
hepatocytes exposed to parasites impacts the immune response,
having a significant effect on cytokine generation and in the
gene expression of innate immune receptors, not affecting hepato-
cyte viability. MgA treatment increased NOD2 and TLR4 gene
expression and generated IL-10, suggesting amastigote killing
and recognition of parasite release antigens by hepatocyte PRRs.

Furthermore, hepatocytes showed slight alteration in the CYPs
activity when exposed to L. infantum, as a possible consequence
of hepatocyte inflammation. Since the liver constitutes a major
metabolic organ, impairment of liver functions may have a
great impact on individual health. In humans and animals, infec-
tions or inflammatory stimuli can cause changes in the expression
and activity of various forms of liver CYP450 (Morgan, 2009).
However, the effects are not uniform for all CYPs, as they can be
suppressed, unaffected or positively induced by inflammatory con-
ditions. CYP1A1 and CYP1A2, CYP2B11, CYP1B, CYP3A12, and
CYP3A26 were highly induced by the administration of MgA, indi-
cating that this compound or a derived metabolite is metabolized
by CYP450.

Hepatocytes constitute key cells in liver metabolism and also
exhibit important immune functions with a vital role in VL.
Hepatocytes were able to sense and react to L. infantum parasites,
increasing PRR gene expression and generating pro-inflammatory
cytokines. Furthermore, L. infantum parasites established a close
interaction with hepatocyte membrane and induced expression
of intracellular PRRs, raising the hypothesis that L. infantum
might be internalized by dog hepatocytes, redefining the role of
hepatocytes in CanL and, consequently questioning its import-
ance in the epidemiology of ZVL. Altogether, these findings con-
tribute to a better understanding of the liver as an innate
immunological key organ.
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