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Abstract Chagas disease is a tropical parasitic disease caused
by the protozoan Trypanosoma cruzi, which affects about ten
million people in its endemic regions of Latin America. After
the initial acute stage of infection, 60-80% of infected indi-
viduals remain asymptomatic for several years to a lifetime;
however, the rest develop the debilitating symptomatic stage,
which affects the nervous system, digestive system, and heart.
The challenges of Chagas disease have become global due to
immigration. Despite well-documented dietary changes ac-
companying immigration, as well as a transition to a western
style diet in the Chagas endemic regions, the role of host
metabolism in the pathogenesis of Chagas disease remains
underexplored. We have previously used a mouse model to
show that host diet is a key factor regulating cardiomyopathy
in Chagas disease. In this study, we investigated the effect of a
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high-fat diet on liver morphology and physiology, lipid me-
tabolism, immune signaling, energy homeostasis, and stress
responses in the murine model of acute 7. cruzi infection. Our
results indicate that in 7. cruzi-infected mice, diet differentially
regulates several liver processes, including autophagy, a stress
response mechanism, with corresponding implications for hu-
man Chagas disease patients.
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Introduction

Chagas disease is a neglected tropical disease caused by the
protozoan parasite Trypanosoma cruzi (Tanowitz et al. 1992;
Grayson 2010). Symptoms of 7. cruzi infection vary but in-
clude heart disease, hepatomegaly, and mega syndromes of
the gastrointestinal tract. An estimated ten million people in-
fected with 70 cruzi reside in Central and South America
(Bonney 2014). Globalization due to immigration has in-
creased the cases of Chagas disease in developed countries
including the USA. In North America alone, more than
370,000 individuals are currently living with 7. cruzi infection
(Tanowitz et al. 2011). The dietary changes accompanying
immigration, plus the social and economic changes occurring
over the last six decades in Chagas endemic countries, includ-
ing a transition to a western style diet, have had a significant
metabolic impact in the Chagas disease population. However,
how host metabolism affects Chagas disease progression and
pathogenesis is only beginning to be understood.

Our recent studies have primarily focused on understand-
ing the impact of diet and metabolic changes on the pathogen-
esis of chagasic cardiomyopathy caused by 7. cruzi infection.
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We have shown that 7" cruzi has a high affinity for lipids and
lipoproteins, that its rate of invasion depends on host choles-
terol levels, and that it alters host lipid metabolism to suit its
nutritional requirements, replication, and survival (Johndrow
etal. 2014; Combs et al. 2005). We also recently demonstrated
that in a murine model of Chagas disease, 7. cruzi-infected
mice that were fed on a high-fat diet (HFD) had increased
survival compared to mice fed on a regular diet (RD)
(Nagajyothi et al. 2014; Brima et al. 2015). Adipose tissues
of' the infected mice play a major role in reducing parasite load
and inflammation in HFD fed mice, which may contribute to
the increased survival rate during acute 7. cruzi infection. In
mice fed a RD, we found that 7. cruzi infection causes signif-
icant lipolysis (60%), which may contribute to cardiac
lipidopathy and high parasite loads during acute infection
(Nagajyothi et al. 2014). In contrast, HFD ameliorated the
effects of infection of adipose tissue and reduced adipocyte
lipolysis (Nagajyothi et al. 2014). Infected mice fed on a HFD
also showed improved cardiac pathology compared to infect-
ed mice fed on a RD [7]. Together, all these findings suggest
that Chagas disease regulates host energy metabolism and that
lipid content in the diet may play a pivotal role in the patho-
genesis of this disease.

The liver is a key metabolic organ, which governs body
energy metabolism by acting as a hub to metabolically con-
nect various tissues, including cardiac muscle and adipose
tissue. Therefore, the function of the liver is greatly regulat-
ed by diet and circulating lipoprotein levels, and vice versa.
Furthermore, it has been reported that acute Chagas disease
causes liver enlargement (Bern et al. 2011; Shikanai-Yasuda
and Carvalho 2012) and that Chagas disease can be trans-
mitted through liver transplantation (Rodriguez-Guardado
et al. 2015), indicating that the liver harbors the pathogen.
Thus, it is likely that the liver plays an important role in the
pathogenesis of Chagas disease and may regulate the surviv-
al of mice during acute 7" cruzi infection in a diet-dependent
manner. However, thus far, the role of the liver in Chagas
disease has been investigated only in regard to its function in
the clearance of blood trypomastigotes (Sardinha et al.
2010). In this study, we focused on understanding the role
of the liver in lipid metabolism, inflammation, oxidative
stress, and energy homeostasis during acute 7. cruzi infec-
tion in a murine model of Chagas disease fed on different
diets.

It has been demonstrated that the liver is highly dependent
on autophagy for normal function and to prevent the develop-
ment of disease states (Schneider and Cuervo 2014).
Autophagy is a key part of the cellular stress response
allowing the cell to cope with nutrient starvation and anoxia,
both of which are conditions commonly associated with infec-
tion (Russell et al. 2014). It has been shown that the fat content
of the diet regulates autophagic flux in different organs (Chu
et al. 2015; Hsu et al. 2015; Liu et al. 2015). Thus, in this
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study, we evaluated the role of autophagy in the liver during
acute 7. cruzi infection in the context of different diets in liver.

Methods
Experimental animal model

T’ cruzi (Brazil strain) was maintained by passage in C3H/Hegj
mice (Jackson Laboratories, Bar Harbor, ME). CD-1 mice (8—
10-week-old male mice purchased from Jackson
Laboratories) were intraperitoneally (i.p.) infected with
5 x 10* trypomastigotes (Combs et al. 2005). Mice were main-
tained on a 12-h light/dark cycle. Mice were randomly divided
into two groups (n = 30 per group) and fed on either HFD
(60% fat) or RD (10% fat) (Research Diets, Inc., New
Brunswick, NIJ), starting at the day of infection. Mice
(uninfected) fed on either HFD (n = 30) or RD (n = 30) were
used as respective diet controls in all the experiments
(Nagajyothi et al. 2014). The experiment was duplicated using
the same numbers of mice in all groups.

Quantitative determination of parasite load in liver
samples

Livers were collected from mice on days 5, 10, 20, and 30
post-infection (pi) and stored at —80 °C. The parasite load
was quantified by a quantitative real-time polymerase chain
reaction (qQPCR) analysis employing PCR SYBR Green
Master Mix (RT2 SYBR® Green qPCR Mastermix,
Qiagen, CA) and an iQ5 LightCycler (Bio-Rad). The pro-
tocol for the isolation of DNA, preparation of standard
curves for host and epimastigote DNA, and qPCR analysis
was followed as previously published (Nagajyothi et al.
2014).

Analysis of liver cholesterol

Cholesterol levels were quantified in the livers of mice at day
30 pi using a colorimetric assay kit, and samples were pre-
pared and assayed following the manufacturer’s protocol
(Total cholesterol colorimetric assay kit, Cell Biolabs Inc.,
CA).

Immunoblot analysis

Liver lysates were prepared as previously described
(Nagajyothi et al. 2014). An aliquot of each sample (40 ng
protein) was subjected to a 4-15% gradient SDS-PAGE (ex-
cept 14% gel used for LC3), and the proteins were transferred
to nitrocellulose filters for immunoblot analysis. p-AMPK be-
ta-specific rabbit monoclonal antibody (1:1000 dilution,
Ser108, Cell Signaling), AMPK beta-specific rabbit
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monoclonal antibody (1:1000 dilution, Cell Signaling),
ABCA 1-specific mouse monoclonal antibody (1:500 dilution,
AB.H10, Abcam), p-mTOR-specific rabbit (1:1000 dilution,
Ser2448, Cell Signaling), LC3 B1/2-specific mouse (1:1000
dilution, M 1863, MBL), p-62-specific rabbit (1:1000 dilu-
tion, PM045, MBL), fatty acid synthase-specific rabbit mono-
clonal antibody (1:1000 dilution, C20GS5, Cell Signaling),
SOD1-specific mouse monoclonal antibody (1:1000 dilution,
71G8, Cell Signaling), UCP3-specific rabbit monoclonal an-
tibody (1:1000 dilution, D6J8K, Cell Signaling), TNF-alpha-
specific rabbit polyclonal antibody (1:2000 dilution, AB6671,
Abcam), and interferon gamma-specific rabbit monoclonal
antibody (1:1000 dilution, EPR1108, Abcam) were used as
primary antisera. Horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin (1:2000 dilution, Thermo
Scientific) or horseradish peroxidase-conjugated goat anti-
rabbit immunoglobulin (1:2000 dilution, Thermo Scientific)
were used to detect specific protein bands (explained in figure
legends) using a chemiluminescence system (Nagajyothi et al.
2014). GDI (1: 10,000 dilution, 71-0300, and rabbit polyclon-
al, Invitrogen, CA) and a secondary antibody horseradish per-
oxidase conjugated goat anti-rabbit (1:2000 dilution,
Amersham Biosciences) was used to normalize protein
loading.

Polymerase chain reaction array

An RT2 Profiler (SA Biosciences, Valencia, CA) custom
designed PCR array for mouse genes involved in LDL
internalization, cholesterol metabolism, fatty acid and tri-
glyceride metabolism, glucose metabolism, and inflam-
matory signaling was used to analyze gene expression.
Data analysis was performed normalized to the expres-
sion of 18S RNA using the AACT method according to
the manufacturer’s protocol (Qiagen, CA) (Nagajyothi
et al. 2014).

Immunohistochemistry and IFA

Freshly isolated tissues were fixed with phosphate-buffered
formalin overnight and then embedded in paraffin wax.
Hematoxylin and eosin (H&E) staining was performed, and
the images were captured as previously published (Nagajyothi
et al. 2014). Filipin staining was done to analyze free choles-
terol levels in the livers as previously demonstrated (Johndrow
etal. 2014). Immunohistochemical analysis was performed on
the formalin-fixed liver sections to analyze the presence of
infiltrated macrophages and Kupffer cells using F4/80-
specific rabbit monoclonal antibody (1:250 dilution,
ABI111101, Abcam) as demonstrated earlier (Combs et al.
2005).

Measurement of live triglyceride levels by "H-MRS
analysis

Magnetic resonance imaging (MRI) of mice was performed at day
30 pi as previously mentioned (Nagajyothi et al. 2014).
Immediately after MR imaging, localized '"H-MRS was per-
formed using a respiratory-gated PRESS sequence (TE = 15 ms,
TR ~ 10 s, spectral bandwidth = 4006 Hz) with a 90° Shinnar-Le
Roux pulse for excitation and Mao-type refocusing pulses. An
~20-ml voxel was positioned in liver. Volume selective shimming
of the voxel was done manually using the same PRESS sequence
resulting in water signal line width (FWHM) less than 40 Hz.
Spectrum was acquired with 16 averages without water suppres-
sion. All spectra were analyzed in the frequency domain using
Agilent Vnmr] integration routine. Hepatic lipid contents were
expressed as ratios of the integral of the triglyceride methylene
peak at relative to that of the water peak.

Statistical analysis

Immunoblot, immunofluorescence, and quantification of par-
asite load studies were performed at least three times, and
representative data are presented in the figures. Data were
pooled and statistical analysis was performed using a
Student’s t-test (Microsoft Excel) as appropriate and signifi-
cance differences were determined as p values between <0.05
and <0.005 as appropriate. Gene array analyses were done in
duplicate as described earlier (Nagajyothi et al. 2014).

Results

We analyzed the role of the liver in the pathogenesis of acute
Chagas disease by various methods, including immunoblot-
ting and qPCR analysis, to further decipher the mechanisms of
the protective effect of HFD on the pathogenesis of acute
Chagas disease.

HEFD increases hepatic parasite load during acute 7. cruzi
infection

We used qPCR to analyze the effect of HFD on the parasite
load in the liver at different time points (days 5, 10, 20, and 30
pi) of acute infection (Nagajyothi et al. 2014). We found that
HFD fed mice had increased hepatic parasite levels, which
were 2-fold (on days 5 and 10 pi) and 5-fold (on day 30 pi)
greater in HFD fed mice compared to RD fed mice (Fig. 1).

Cholesterol accumulates in hepatocytes during acute
infection

Filipin staining followed by immunofluorescence analysis
(IFA) demonstrated significant cholesterol accumulation in
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Fig. 1 High-fat diet (HFD) increases hepatic parasite loads in mice
during acute 7. cruzi infection. qPCR analysis demonstrated a
significant increase of parasites in the livers of HFD fed infected mice
compared to RD fed infected mice at different time points of acute
infection (n = 5). The parasite loads were significantly higher (17-, 2-,
and 5-fold, respectively) at days 5, 10, and 30 post-infection (pi).
p < 0.005, represented by black stars. Bars represent mean values of
the data with standard error of the mean (SEM) as vertical lines. RD
regular diet, HFD high-fat diet

various organs and tissues, including the livers of infected
mice (supplemental Fig. 1) (Johndrow 2014). Consistent with
the IFA, colorimetric measurements also showed a significant
increase in hepatic cholesterol levels during acute infection
(Fig. 2a). Both HFD and RD fed infected mice showed ap-
proximately 50% increase in hepatic cholesterol levels com-
pared to RD fed uninfected mice. Infected HFD fed mice
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Fig. 2 Acute T cruzi infection significantly alters hepatic lipid levels in
mice. a A colorimetric analysis demonstrated a significant increase of
cholesterol in the livers of infected mice (n = 5; 50% increase) on either
aRD or HFD at day 30 pi. b Magnetic resonance spectroscopy analysis of
the livers demonstrated a significant reduction in the levels of lipid
(triglyceride)/water ratio during acute 7. cruzi infection at day 30 pi.
Feeding an HFD increased hepatic lipid (triglyceride) to water ratio (61-
fold) compared to mice fed on RD (uninfected group). Infection
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Lipid:Water ratio (%)

showed slightly increased (average) cholesterol levels in the
liver compared to infected RD fed mice; however, there was
no statistically significant difference between these two
groups. Also, we found no significant difference in hepatic
cholesterol levels between HFD and RD fed uninfected mice
(Fig. 2a).

Acute 7. cruzi infection causes a reduction in the levels
of hepatic neutral lipids

We measured hepatic neutral lipid levels (triglycerides) by
magnetic resonance spectroscopy (MRS). The lipid to water
ratio was measured by MRS in both HFD and RD fed infected
mice and compared to the respective uninfected mice. For
uninfected mice, the mice fed on HFD demonstrated a signif-
icant increase (61-fold) in lipid to water ratio compared to RD
fed mice, reflecting an increase in hepatic neutral lipids caused
by HFD. T. cruzi infection caused a reduction in the lipid to
water ratio in both HFD and RD groups; however, this reduc-
tion was significantly greater in mice fed a HFD (26.3- vs
12.6-fold; Fig. 2b).

Acute infection alters liver morphology and physiology

Photomicrographs of H&E-stained liver sections demon-
strated significantly altered liver morphology during
T cruzi infection both in RD and HFD fed mice (Fig. 3).
In the absence of infection, mice fed on HFD showed
increased levels of both macro- and micro-vesicular lipid
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decreased the levels of lipid to water ratio in both RD and HFD fed
mice. The reduction was greater in mice fed on HFD (26.3-fold
decrease normalized with uninfected HFD fed mice) compared to RD
(12.6-fold decrease normalized with uninfected RD fed mice) during
infection. p < 0.005, represented by black stars (n = 5). Bars represent
mean values of the data with standard error of the mean (SEM) as vertical
lines
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Fig. 3 Histological analysis of the livers of acute 7. cruzi-infected mice
demonstrated inflammation and alteration in the levels of lipid droplets.
The photomicrographs of the H&E-stained liver sections demonstrated
the presence and increased levels of phagocytic Kupffer cells in the
sinusoidal space of the livers in the infected mice compared to
uninfected mice irrespective of the diet fed. Acute infection increased
the infiltration of inflammatory cells (black arrowhead) especially
around the veins in both RD and HFD fed mice as demonstrated by
H&E staining. The number of migrated inflammatory cells were lower
(40%) in HFD fed uninfected mice compared to RD fed mice at day 30 pi.
Liver of mice fed on HFD demonstrated increased levels of lipid droplets

droplets in liver sections compared to RD fed mice
(Supplemental Fig. 2). T. cruzi infection significantly re-
duced the levels of macro- and micro-vesicular lipid drop-
lets in HFD fed mice compared to HFD fed uninfected
mice. Also, micro-vesicular lipid droplets were approxi-
mately four times smaller in infected HFD mice than in
uninfected HFD fed mice. Lipid droplets were only ob-
served in the hepatic central and portal venules and veins
of HFD fed infected mice at day 30 pi. Micro-vesicular
lipid droplets were also significantly reduced in the infected
RD fed infected mice compared to uninfected RD mice
(Supplemental Fig. 2). We also observed increased levels
of liver-specific phagocytic Kupffer cells in the sinusoidal
space in infected mice fed on ecither diet (Fig. 3).
Immunohistochemical (IHC) analysis of the liver sections
with F4/80 staining (specific to Kupffer and macrophages)
demonstrated a significant increase in the levels of Kupffer
cells and macrophages during acute infection (Supplemental
Fig. 3). The levels of inflammatory cells were significantly
lowered in the infected mice fed on HFD (50% decrease)
compared to RD.

both macro (red arrowheads up to 25 pm) and micro (up 5 pum to red
arrows) compared to RD fed uninfected mice. Intracellular lipid droplets
appeared as uncolored circles in the liver tissues. Infection significantly
decreased the levels of lipid droplets in the livers of both RD and HFD fed
mice (Supplemental Fig. 2). In the infected HFD fed mice macro-
vesicular lipid droplets reduced their size compared to uninfected HFD
fed mice (enlarged inset pictures). Also, the livers of HFD fed infected
mice displayed lipid droplets (green arrowhead) in the hepatic and portal
venules (PV). Five mice were analyzed in these experiments, and
representative images are shown

T. cruzi acute infection regulates lipid metabolism
in the liver

qPCR analysis of mouse livers was performed to measure
the mRNA levels of genes encoding apolipoproteins (Apo)
as well as genes regulating cholesterol and fatty acid metab-
olism and cholesterol efflux. mRNA levels of ApoA, ApoB,
and ApoE were significantly reduced compared to uninfect-
ed RD fed mice (—1.5- to —5-fold; Fig. 4a). mRNA levels of
both ApoB and ApoE were also significantly reduced in the
HFD fed infected mice compared to RD fed infected mice.
mRNA levels of genes involved in cholesterol biosynthesis
such as HMG-CoA reductase (HMGCR), HMG-CoA syn-
thase (HMGCS), and insulin-induced gene 1 (Insigl) were
significantly reduced in HFD fed infected mice (4- to 5-fold)
compared to RD fed uninfected mice. mRNA levels of fatty
acid metabolism genes such as acetyl-CoA acyltransferase
1A (Acaala), acyl-CoA dehydrogenase 9 and 10 (Acad9
and Acadl0), acyl-CoA oxidase 1 (Acoxl), and fatty acid
binding protein (Fabpl) were significantly reduced during
infection (Fig. 4b). qPCR analysis also demonstrated a
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Fig. 4 Gene expression changes in the liver of 7. cruzi-infected mice fed
on regular (RD) or high-fat diet (HFD) indicate alterations in lipid
metabolism, inflammation, and oxidative stress. a qPCR analysis
demonstrated a significant alterations in the expressions of the mRNA
levels of apolipoproteins during acute infection. The mRNA levels of
ApoB and ApoE are significantly reduced in the infected HFD fed mice
compared to the infected RD fed mice. b mRNA levels of the genes
involved in cholesterol mechanism such as HMG-CoA reductase
(HMGCR), HMG-CoA synthase (HMGCS), and insulin-induced gene
(Insigl) were significantly decreased in the infected HFD fed mice
compared to the infected RD fed mice. qPCR analysis showed a
significant decrease in the levels of the genes involved in lipid
metabolism such as leptin (lep), acetyl-coenzyme A acyltransferase 1A

(ACAAla), Acyl-CoA dehydrogenase (Acad 9), and fatty acid-binding
proteins (FABPs) in the livers of the infected HFD fed mice compared to

ORDI wHFDI

Fold change in mRNA levels
&

significant increase in the mRNA levels of ATP-binding
cassette al gene (Abcal), which is mainly involved in cho-
lesterol efflux, in infected mice compared to uninfected RD
fed mice. Abcal mRNA levels were also significantly higher
in HFD fed infected mice (3560 + 432-fold) compared to an
RD fed infected mice (9.1 + 1.3-fold) (Fig. 5b). To ask
whether this mRNA increase correlated with protein levels,
we performed immunoblot analysis of Abcal (Fig. 5a).
Indeed, Abcal protein levels were significantly higher in
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the infected RD fed mice. ¢ qPCR analysis demonstrated a significant
increase in the mRNA levels of the genes involved in inflammation such
as chemokine (C-C motif) ligand 5 (CCLS5), C-C motif receptors (CCR1
and 2), TNF-«x, and IFN-y during acute infection in the livers compared
to uninfected mice. The levels of IFN-y was significantly higher
compared to TNF levels. d mRNA analysis validated a significant
decrease in the levels of the antioxidant genes such as glutathione
peroxidase (GPX 2), EH domain containing 2 (EHD2),
peroxiredoxin1(PRDX1), catalase (CAT), superoxide dismutase (SOD),
nitrogen synthase (NOS2), and NADPH oxidase 1 (NOX1) during acute
infection in the livers compared to uninfected mice. Prostaglandin-
endoperoxide synthase 2 (PTGS2) levels were significantly
downregulated in the livers of the infected HFD fed mice compared to
the infected RD fed mice

the HFD fed infected mice compared to all other experimen-
tal groups.

Acute infection induces inflammation and oxidative stress
in liver

gPCR analysis demonstrated a significant increase in the
mRNA levels of several inflammatory genes such as CCIS,
IFN-vy, Itgf32, Tgf3, and TNF-« in the livers of infected mice
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Fig.5 Upregulation of cholesterol efflux regulatory protein ATP-binding
cassette (ABCAL1) in the livers during acute 7. cruzi infection. a
Immunoblot analysis demonstrated a significant increase in the protein
levels of ABCAL in the livers of acute infected mice compared to
uninfected mice fed on either a RD or HFD (n = 5). The levels of
ABCALI1 protein are significantly higher in the infected HFD fed mice
compared to the infected RD fed mice (p < 0.005). The intensities of

compared to uninfected RD fed mice (Fig. 4c). Interestingly,
immunoblot analysis demonstrated a significant increase in
the protein levels of IFN-y in the livers of both RD and
HFD fed mice during acute infection (Fig. 6a, b). However,
the levels of TNF-« significantly increased only in infected
RD fed mice but were significantly decreased in infected HFD
mice compared to uninfected mice (Fig. 6a, c).

qPCR analysis demonstrated a significant reduction in the
mRNA levels of genes encoding GPX2, Ehd2, Prdx1, cata-
lase, SOD, Ptgs2, Nos2, and Nox1 in the livers during acute
infection irrespective of the diets fed (Fig. 4d). The mRNA
levels of antioxidant enzymes such as catalase and superoxide
dismutase (SOD) were significantly reduced in the infected
HFD fed mice compared to the infected RD fed mice
(Fig. 4d). Immunoblot analysis also demonstrated a signifi-
cantly lower level of SOD, an antioxidant enzyme in the livers
of HFD fed infected mice compared to RD fed mice (Fig. 6a,
d). These data suggest that oxidative stress is more prominent
in the livers of HFD fed infected mice compared to RD fed
infected mice (Figs. 4d and 6a, d).

Altered energy metabolism during acute infection

Protein levels of the critical regulators of lipid metabolism
such as FAS, UCP3, and AMPK were measured to analyze
the effect of diet on the hepatic lipid homeostasis during acute
infection. Immunoblot analysis demonstrated a significant re-
duction in FAS, a key enzyme involved in liver lipid homeo-
stasis (J ensen_Urstad and Semenkovich 2012; Jump 2011),
during acute infection (Fig. 7a, b). RD fed infected mice
showed a 1.5-fold reduction and HFD fed infected mice
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the bands were measured using ImageJ program and presented as a bar
graph and normalized to the levels of GDI protein (AU arbitrary units). b
qPCR analysis showed a significant increase in the mRNA levels of
ABCAL in the livers compared to uninfected mice fed on their
respective diets at day 30 pi (n = 5). ABCA1 mRNA levels were
significantly higher in the infected HFD fed mice compared to the
infected RD fed mice

showed a 2-fold decrease in the levels of FAS compared to
the respective uninfected mice. Among infected mice, FAS
levels were also significantly reduced (2-fold) in mice fed a
HFD compared to those fed a RD (Fig. 7b). We have also
measured the levels of mitochondrial uncoupling protein
(UCP3) because fatty acids regulate UCP3 levels (Fig. 7a)
(Schrauwen 2004). Indeed, immunoblot analysis demonstrat-
ed a significant reduction of UCP3 levels during acute infec-
tion in the livers of infected mice fed on either a RD or a HFD
(26- and 1.5-fold, respectively) relative to their respective un-
infected mice (Fig. 7c). The level of UCP3 in mice fed a HFD
was significantly increased (2.5-fold) compared to the mice
fed aRD in 7. cruzi-infected mice at day 30 pi. AMP-activated
protein kinase (AMPK) signaling was analyzed in the livers of
infected mice fed on either an HFD or RD during acute infec-
tion to evaluate the levels of nutritional stress. Immunoblot
analysis demonstrated a significant increase in the levels of
pAMPK in the infected RD fed mice and a decrease in the
levels of pAMPK in the infected HFD mice compared to their
respective uninfected mice (Fig. 7d, e). Furthermore, levels of
pMTOR, a downstream regulator of AMPK signaling, de-
creased in the infected RD fed mice and showed no significant
difference in the infected HFD fed mice compared to their
respective uninfected mice (Fig. 7d, e).

Acute infection induces autophagy in liver
Autophagy is influenced by nutrient sources and the host met-
abolic status (Kim et al. 2011; Galluzzi et al. 2014). During

nutrient deprivation, autophagosome formation is dramatical-
ly induced (Galluzzi et al. 2014). Autophagy stimulated by
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Fig. 6 Acute T cruzi infection (day 30 pi) regulates inflammation and
oxidative stress in the livers (z = 5). a Immunoblot analysis demonstrated
a significant change in the protein levels of IFN-y (b), TNF-«x (c), and
SOD (d) normalized to the levels of GDI protein. The intensities of the
bands were measured using ImageJ program and presented as bar graphs
for IFN-y (b), TNF-« (c), and SOD (d) protein levels (AU arbitrary
units). Between the uninfected groups, high-fat diet decreased the levels
of IFN-y, increased TNF-« levels, and showed no significant change in

AMPK activation and mTOR downregulation results in ele-
vated ATP production via recycling of nutrients (Kim et al.
2011). Because we saw a significant increase in pAMPK
levels and a downregulation of mTOR in RD fed infected
mice and a significant decrease in pAMPK in HFD fed infect-
ed mice, we expected to see increased levels of autophagy
marker LC31I only in RD fed infected mice. However, immu-
noblot analysis demonstrated increased levels of LC31I in both
RD and HFD fed infected mice (2.2- and 4.9-fold, respective-
ly) compared to their respective uninfected mice (Fig. 7d, f).
Interestingly, LC3II levels were also significantly higher in
infected HFD fed mice (2.1-fold) compared to infected RD
fed mice (Fig. 7d, f). To confirm the upregulation of autoph-
agy during infection, we performed immunoblot analysis of
another autophagy marker p62/A170/SQSTM1 (hereafter re-
ferred to as “p62”), which is one of the substrates that are
specifically degraded through the autophagy—lysosomal path-
way (Bjerkey et al. 2009). The levels of p62 were
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significantly increased during acute infection in both RD and HFD fed
infected mice compared to uninfected mice (p < 0.005). ¢ TNF-«
significantly increased in RD fed infected mice and decreased in HFD
fed infected mice compared to their respective diet fed uninfected mice
(p<0.005). d SOD levels were significantly higher during acute infection
at day 30 pi. The protein level of SOD was significantly greater in the
infected RD fed mice compared to the infected HFD fed mice (p < 0.005)

significantly reduced in the infected livers irrespective of the
diets fed (Fig. 7d, f). These data suggest that the autophagy
signaling pathway induced during 7. cruzi infection is regu-
lated differentially between RD and HFD fed mice. For in-
stance, in RD fed infected mice AMPK/mTOR signaling in
response to nutrient deprivation may induce autophagy.
However, in HFD fed mice, it is likely that oxidative stress
but not AMPK signaling may induce autophagy.

It has been demonstrated that HFD can increase mitochon-
drial oxidative stress in mice (Matsuzawa-Nagata et al. 2008)
and that oxidative stress or increased production of reactive
oxygen species can induce autophagy (Navarro-Yepes et al.
2014). Our data demonstrate that loss of hepatic triglyceride
levels were greater in HFD fed mice compared to RD fed mice
during infection (Fig. 2), suggesting that increased triglyceride
catabolism in the livers of HFD fed infected mice may cause
enhanced reactive oxygen species (ROS) production and ox-
idative stress. SOD acts as a first line of defense against ROS.
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Fig. 7 T cruzi acute infection alters systemic energy homeostasis of the
livers and induces autophagy differently between RD and HFD fed mice. a
Immunoblot analyses demonstrated a significant alteration in the levels of
fatty acid synthase (FAS) and UCP3 during acute infection. The intensities
of the bands were measured using Image] program, normalized to the
levels of GDI protein (AU arbitrary units), and the representative bar
graphs are presented in b and ¢. b The protein levels of FAS were
significantly decreased in both the RD and HFD fed infected mice
compared to the uninfected mice. However, the level of FAS was
significantly lowered in the infected HFD fed mice compared to the
infected RD fed mice (p < 0.005). ¢ The levels of a mitochondrial b-
oxidation marker UCP3 were significantly decreased during acute
infection. Immunoblot analysis showed a significant reduction in the
level of UCP3 in the uninfected HFD fed mice compared to the
uninfected RD fed mice (p < 0.005). d Immunoblot analyses

However, we found that the levels of antioxidant enzymes
including SOD are significantly reduced in HFD fed infected
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demonstrated a significant alteration in the levels of proteins involved in
AMPK signaling and autophagy during acute infection. The intensities of
the bands were measured using ImagelJ program, normalized to the levels
of GDI protein (AU arbitrary units), and the representative bar graphs are
presented in b and ¢. e Immunoblot analysis of the livers demonstrated a
significant difference in the AMPK signaling between RD and HFD fed
and infected and uninfected mice. pAMPK levels were significantly
increased in the infected RD fed mice and significantly decreased in the
infected HFD fed mice compared to their respective diet fed uninfected
mice. pMTOR levels were significantly reduced in the infected RD fed
mice and showed no significant change in the infected HFD fed mice
compared to their respective diet fed uninfected mice (p < 0.005). f
Immunoblot analysis demonstrated a significant increase and decrease in
the levels of autophagy markers LC3 and P62, respectively, in the livers of
mice fed on either RD or HFD at day 30 pi (p < 0.005)

mice compared to RD fed mice (Fig. 6d). We also observed
that the levels of SOD in the livers of RD fed infected mice are
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5-fold greater than the uninfected RD fed mice (and 3-fold
greater than HFD fed infected mice), which suggests that
RD fed infected mice are under less oxidative stress compared
to HFD fed infected mice.

Together, these data suggest that diet and 7° cruzi infection
significantly alter hepatic energy homeostasis, markers of me-
tabolism, inflammation, and oxidative stress.

Discussion

Previously, we demonstrated that feeding a HFD to mice dur-
ing 7. cruzi acute infection decreases the parasite load in the
heart but increases it in adipose tissue compared to RD fed
mice (Nagajyothi et al. 2014). In the current study, we dem-
onstrated a significantly increased parasite load in the livers of
HFD fed mice (Fig. 1). We hypothesize that this increase may
be due to the high affinity of 7. cruzi for lipids and lipopro-
teins, because the liver is a major site of lipid biosynthesis,
storage, and secretion, and because it functions in lipoprotein
metabolism, in particular by absorbing circulatory lipopro-
teins (Nguyen et al. 2008). Thus, as HFD increases circulatory
lipid and lipoprotein levels, this in turn increases their levels in
the liver, attracting 7. cruzi to the liver and causing an increase
in the liver parasite load compared to RD during acute
infection.

A normal mouse liver is largely comprised of neutral lipids
(e.g., triglycerides, 80%) (Nelson 1962). We analyzed the ef-
fect of HFD on the lipid levels in the livers of infected mice
and compared to mice fed on RD. MRS data demonstrated a
reduction in hepatic triglycerides during infection. This reduc-
tion was significantly greater in mice fed a HFD (26.3- vs
12.6-fold; Fig. 2b). Morphological analysis of lipid droplets
in the livers of infected mice correlated with the MRS data
showing a significant decrease in the lipid/water ratio in HFD
infected mice (Fig. 2b and Supplemental Fig. 2). This result
suggests that the demand for lipid catabolism in the livers of
HFD fed mice is greater than in RD fed mice during acute
infection (day 30 pi), which may be due to the higher parasite
load in HFD fed mice (Fig. 1).

About 20% of the daily cholesterol is synthesized in the
liver. Previously, we showed that 7. cruzi has high affinity for
lipoproteins and that acute infection results in tissue cholester-
ol accumulation (Nagajyothi et al. 2011). Here, we showed
that hepatic cholesterol accumulation is significant during
acute infection in the mice fed either a RD or HFD compared
to uninfected mice (Fig. 2a). These data suggest that acute
infection induces cholesterol steatosis and triglyceride insuf-
ficiency in the liver, which in turn may affect liver function
and lipid homeostasis. Indeed, the qPCR analysis data of
mouse livers support our lipid analysis data, which was per-
formed to evaluate the altered RNA levels of the liver lipid
metabolic proteins. In particular, we measured the mRNA
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levels of genes encoding Apo as well as genes regulating
cholesterol and fatty acid metabolism and cholesterol efflux.
The levels of these mRNAs in the livers of infected mice (both
RD and HFD groups) were significantly altered compared to
uninfected RD fed mice. These data suggest that cholesterol
biosynthesis and fatty acid catabolism are significantly altered
during acute infection, especially in the HFD fed mice
(Figs. 4b and 5). Thus, it is likely that the altered lipid metab-
olism in the liver contributes to the overall infection progres-
sion and affects systemic energy homeostasis.

Infection progression and regression depends on the im-
mune cell response and inflammation signaling of the host.
Acute infection results in increased levels of infiltrating in-
flammatory cells (Nagajyothi et al. 2014). Because we and
others previously showed that inflammatory cells infiltrate
the hearts during 7. cruzi infection (Nagajyothi et al. 2014;
Nagajyothi et al. 2012; Gupta et al. 2014; Cunha-Neto et al.
1998), we measured the levels of inflammatory cells in mouse
livers. We found that the livers of HFD fed infected mice
contained fewer inflammatory cells (50%) compared to RD
fed infected mice (Fig. 3 and Supplemental Fig. 3), suggesting
that HFD prevents the infiltration of inflammatory cells into
the liver during acute infection. Further investigation is re-
quired to understand the molecular mechanisms involved in
the prevention of hepatic infiltration of inflammatory cells
during acute 7. cruzi infection in a murine model fed on
HFD, as the inflammatory cells play a major role in the path-
ogenesis of chagasic cardiomyopathy.

The inflammatory response is induced by the parasite load
during acute 7. cruzi infection (Teixeira et al. 2002). Indeed,
our qPCR analysis demonstrated a significant increase in the
mRNA levels of several inflammatory genes such as CCIS,
IFN-y, Itg32, Tgf3, and TNF-« in the livers of infected mice
compared to uninfected RD fed mice (Fig. 4). The protein
levels of TNF-« in infected RD fed mice were significantly
higher compared to hepatic TNF-« levels of infected HFD fed
mice, which is attributed to the increased levels of F480-
positive cells in the livers of infected RD fed mice.
However, the levels of IFN-y significantly increased in the
livers of both RD and HFD fed mice during acute infection
(Fig. 6a, b). Because it has been shown that [FN-y attenuates
lipid storage in human adipocytes (McGillicuddy et al. 2009),
increased IFN-y may contribute to the loss of triglycerides in
the liver during acute infection. Thus, increased levels of
IFN-y may disrupt energy expenditure and metabolic homeo-
stasis (McGillicuddy et al. 2009). IFN-y is shown to stimulate
TNF-« release from the infected macrophages. HFD fed mice
showed decreased levels of hepatic macrophages and thus
lower levels of TNF-o could contribute to the higher parasite
load compared to the infected RD fed mice.

Increased oxidative stress has been demonstrated in several
organs/tissues during acute Chagas infection (Wen et al. 2014,
Gupta et al. 2009). Indeed, we detected altered mRNA levels
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of several genes involved in oxidative stress in the livers of
infected mice fed on either an RD or HFD. mRNA levels of
genes encoding GPX2, Ehd2, Prdx1, catalase, SOD, Ptgs2,
Nos2, and Nox1 were significantly reduced during acute in-
fection irrespective of the diets fed (Fig. 4d). Furthermore, the
mRNA levels of antioxidant enzymes such as catalase and
SOD were significantly reduced in the infected HFD fed mice
compared to the infected RD fed mice (Fig. 4d). These data
suggest that oxidative stress is more prominent in the livers of
HFD fed infected mice compared to RD fed infected mice
(Figs. 4d and 6). HFD-induced oxidative stress may contribute
to the pathogenesis of chagasic cardiomyopathy.

To understand how diet regulates liver energy homeostasis
via lipid metabolism during acute infection, we measured the
expression levels of FAS, UCP3, and AMPK, crucial regula-
tors of lipid metabolism and energy homeostasis in the liver
(Chakravarthy et al. 2007; Busiello et al. 2015; Hardie et al.
2012). Immunoblot analysis demonstrated a significant reduc-
tion in FAS during acute infection in both RD and HFD fed
mice compared to the uninfected mice (Fig. 7a, b). This re-
duction in FAS levels during infection is expected to contrib-
ute to a further decrease in triglyceride levels in the livers of
infected mice, as well as to nutritional stress (Jensen Urstad
and Semenkovich 2012). Even though the level of UCP3 is
significantly decreased during acute infection, HFD fed infect-
ed mice showed 2.5-fold higher level of UCP3 compared to
RD fed infected mice, suggesting that HFD might have in-
creased the levels of mitochondrial fatty acids during infec-
tion. AMP-activated protein kinase (AMPK) plays a key role
as a master regulator of cellular energy homeostasis, and its
levels and activity depend on the nutritional status (Hardie
etal. 2012). Thus, AMPK signaling was analyzed in the livers
of infected mice fed on either an HFD or RD during acute
infection to evaluate the levels of nutritional stress.
Immunoblot analysis demonstrated a significant increase in
the levels of pAMPK signaling (reduced pMTOR) in the in-
fected RD fed mice and a decrease in the levels of pAMPK in
the infected HFD mice compared to their respective uninfect-
ed mice (Fig. 7d, e). As a cellular energy sensor responding to
low ATP levels, AMPK activation positively regulates signal-
ing pathways that replenish cellular ATP supplies, including
fatty acid oxidation and autophagy (O’Neill et al. 2013; Kim
et al. 2011). This suggests that during acute infection RD fed
mice are under greater nutritional requirement (i.e., starvation)
compared to HFD mice.

Altered lipid metabolism during acute infection regulate
AMPK signaling and autophagy. Autophagy is influenced
by nutrient sources and the host metabolic status (Kim et al.
2011; Galluzzi et al. 2014). During nutrient deprivation,
autophagosome formation is dramatically induced (Galluzzi
et al. 2014). Autophagy stimulated by AMPK activation and
mTOR downregulation results in elevated ATP production via
recycling of nutrients (Kim et al. 2011). Because we saw a

significant increase in pAMPK levels and a downregulation of
mTOR in RD fed infected mice but a significant decrease in
pAMPK in HFD fed infected mice, we expected to see in-
creased levels of autophagy marker LC3II only in RD fed
infected mice. However, immunoblot analysis demonstrated
increased levels of LC3II in both RD and HFD fed infected
mice (2.2- and 4.9-fold, respectively) compared to their re-
spective uninfected mice (Fig. 7d, f). Interestingly, LC3II
levels were also significantly higher in infected HFD fed mice
(2.1-fold) compared to infected RD fed mice (Fig. 7d, f). To
confirm the upregulation of autophagy during infection, we
performed immunoblot analysis of another autophagy marker
p62/A170/SQSTMI (hereafter referred to as “p62”), which is
one of the specific substrates that are degraded through the
autophagy—lysosomal pathway (Bjerkey et al. 2009). The
levels of p62 was significantly reduced in the infected livers
irrespective of the diets fed (Fig. 7d, f). These data suggest that
the autophagy signaling pathway induced during 7. cruzi in-
fection is regulated differentially between RD and HFD fed
mice. For instance, in RD fed infected mice AMPK/mTOR
signaling in response to nutrient deprivation may induce au-
tophagy. In HFD fed mice, it is likely that oxidative stress and
not the regular AMPK signaling may induce autophagy. It has
been demonstrated that oxidative stress or increased produc-
tion of ROS also induces autophagy (Navarro-Yepes et al.
2014). Furthermore, HFD has been shown to increase mito-
chondrial oxidative stress in mice (Matsuzawa-Nagata et al.
2008). Our data demonstrate that loss of hepatic triglyceride
levels were greater in HFD fed mice compared to RD fed mice
during infection (Fig. 2b). This suggests that increased triglyc-
eride catabolism in the livers of HFD fed infected mice, which
could cause enhanced ROS production and oxidative stress.
SOD acts as a first line of defense against ROS. We have
demonstrated that the levels of antioxidant enzymes including
SOD are significantly reduced in HFD fed infected mice com-
pared to RD fed mice (Fig. 6d). We observed that the levels of
SOD in the livers of RD fed infected mice are 5-fold greater
than the uninfected RD fed mice (and 3-fold greater than HFD
fed infected mice), which suggests that RD fed infected mice
are under less oxidative stress compared to HFD fed infected
mice.

Together, these observations indicate that the acute 7" cruzi
infection causes liver inflammation, oxidative stress and loss
in lipid droplets levels, all of which were ameliorated by HFD
which may alter liver energy metabolism.

Conclusion
The liver is a key metabolic organ governing body energy
metabolism. It acts as a central hub to metabolically connect

to various tissues, including the heart and adipose tissue. It
has been shown that 7. cruzi infection causes enlargement of
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the liver and that the parasites persist in the liver during
infection (Sardinha et al. 2010; Collier et al. 1942). It has
also been demonstrated that feeding CD1 mice acutely in-
fected with 7. cruzi a HFD increases their survival
(Nagajyothi et al. 2014; Brima et al. 2015). Here, we report
that although HFD decreases the parasite load in the hearts
of acutely infected CD1 mice, it increases the hepatic para-
site load compared to the mice fed on RD. We also found
that acute 7. cruzi infection alters energy and metabolic ho-
meostasis of the liver. Furthermore, the livers of mice fed on
a HFD showed significantly altered lipid homeostasis com-
pared to RD fed mice. We also found that acute infection
caused severe loss of triglycerides in the livers of infected
mice irrespective of the diets (HFD or RD). Our data also
indicate that the livers of infected mice use autophagy in-
duced by two different mechanisms, which depend on the
diet type, to overcome nutritional and oxidative stress during
acute infection. In particular, RD fed infected mice upregu-
late AMPK/mTOR/autophagy signaling pathway to over-
come energy deprivation induced by 7. cruzi infection.
Autophagy induced during acute infection may deliver lipid
droplets (lipophagy) as a source of energy and prevent nu-
tritional stress-induced cell death. HFD fed infected mice
also utilize autophagy as a regulator of oxidative stress to
prevent ROS induced cell death.

Autophagy plays a pivotal role not only in normal liver
physiology but also in the pathogenesis of many liver diseases
including nonalcoholic and alcoholic fatty liver and viral hep-
atitis (Mao et al. 2016; Tang et al. 2012). Acute 7. cruzi infec-
tion may adapt lipophagic pathway to survive energy starva-
tion by increasing autophagic sequestration of lipid droplets
and their degradation in hepatic lysosomes. Further work is
needed to understand the mechanisms which interlink
lipophagy to autophagy during acute and chronic infection.
We conclude that 7 cruzi infection alters hepatic lipid and
energy homeostasis and that HFD directly contributes to the
alterations in lipid metabolism, inflammation, and oxidative
stress during acute infection in CD1 mice. Further studies in a
chronic chagasic model fed on different diets may establish a
link between liver lipid metabolism and the pathogenesis of
chagasic cardiomyopathy, which is of a greater importance to
chagasic patients to improve lipid metabolism. In sum, our
results indicate that autophagy is induced in the livers of
acutely infected mice as a survival mechanism, which is dif-
ferentially regulated by diet.
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