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Adipocyte-released adipomes in Chagas
cardiomyopathy: Impact on cardiac
metabolic and immune regulation

Hariprasad Thangavel,1 Dhanya Dhanyalayam,1 Michelle Kim,1 Kezia Lizardo,1 Tabinda Sidrat,1

John Gomezcoello Lopez,1 Xiang Wang,2 Shivani Bansal,3 and Jyothi F. Nagajyothi1,4,*
SUMMARY

Chronic Trypanosoma cruzi infection leads to Chagas cardiomyopathy (CCM), with varyingmanifestations
such as inflammatory hypertrophic cardiomyopathy, arrhythmias, and dilated cardiomyopathy. The fac-
tors responsible for the increasing risk of progression to CCM are not fully understood. Previous studies
link adipocyte loss to CCM progression, but the mechanism triggering CCM pathogenesis remains unex-
plored. Our study uncovers that T. cruzi infection triggers adipocyte apoptosis, leading to the release of
extracellular vesicles named "adipomes". We developed an innovative method to isolate intact adipomes
from infected mice’s adipose tissue and plasma, showing they carry unique lipid cargoes. Large and Small
adipomes, particularly plasma-derived infection-associated L-adipomes (P-ILA), regulate immunometa-
bolic signaling and induce cardiomyopathy. P-ILA treatment induces hypertrophic cardiomyopathy in
wild-type mice and worsens cardiomyopathy severity in post-acute-infected mice by regulating adipo-
genic/lipogenic and mitochondrial functions. These findings highlight adipomes’ pivotal role in promoting
inflammation and impairing myocardial function during cardiac remodeling in CD.

INTRODUCTION

Chagas disease (CD), caused by Trypanosoma cruzi, affects 8 million people in Latin America and 400,000 in the rest of the world, the latter

mainly due to migration and blood transfusion.1,2 Approximately 30% of infected individuals develop chronic symptomatic disease after

several years or decades of initial infection, including dilated chronic cardiomyopathy (CCM), which can be fatal.3 Furthermore, recent reports

suggest that individuals in the acute phase can also progress to a chronic form of acute cardiomyopathy (ACM).4 Acute infection may lead to

generalized cardiac enlargement, affecting all four cardiac chambers, and may be accompanied by pericardial effusions.5 While myocarditis

arising during acute infection generally resolves with increased anti-inflammatory signaling in the heart, which is associated with cardiac re-

modeling, deregulated cardiac remodeling post-infection may contribute to the pathogenesis of Chagas cardiomyopathy, characterized by

hypertrophied cardiomyopathy, dilated cardiomyopathy, and ultimately, heart failure. Although existing anti-parasitic drugs demonstrate sig-

nificant efficacy in the early, acute CD stages, treatments available to prevent CCM are ineffective and have more severe side effects.6

The development of CCM is influenced by factors such as host metabolic and immunological status.7 While pro-inflammatory signaling

during acute infection contributes to myocarditis, CCM progression depends on cardiac energy metabolism, immune signaling, and the par-

asite’s presence, regulating cardiac remodeling during the post-acute asymptomatic phase. Our studies of murine CD models have also re-

vealed increased adipogenesis and altered lipid metabolism, as well as mitochondrial dysfunction, oxidative stress, and endoplasmic retic-

ulum (ER) stress in themyocardium.8–11 It has been shown that cardiacmetabolic status influences the functions of heart immune cells and vice

versa.12 Thus, understanding the mechanism(s) promoting adipogenic/lipogenic signaling and mitochondrial dysfunction in the heart during

cardiac remodeling is essential for the development of effective therapeutic interventions for CCM.

Adipose tissue (AT), which is mainly comprised of adipocytes, plays an important role in regulating whole-body immunity and metabolic

homeostasis.13–15 Cardiac AT is a dynamic organ with metabolic activity, actively participating in the maintenance of lipid and energy balance

in the heart. Beyond serving as an energy source for themyocardium, it functions as a buffer protecting the heart from lipotoxicity, particularly

in the presence of elevated circulating free fatty acids (FFAs).16 We have shown that T. cruzi invades adipocytes, whereupon AT serves as a

parasite reservoir in both patients with CD and murine CD models.17,18 T. cruzi relies on adipocytes for cholesterol, as it cannot synthesize it

independently.19 Adipocytes provide nutrients for persistent T. cruzi and facilitate the parasite evasion of host immunity.20 Previously, we

showed a strong correlation between loss of body fat and increased ventricular dilation in T. cruzi-infected mice.17 Our studies also
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Figure 1. T. cruzi infection induces adipocyte apoptosis, releasing adipomes that regulate adipogenic signaling

(A) Immunoblot analysis of cleaved Caspase 7 expression in the lysates of 3T3-L1 adipocytes (uninfected, TNFa-treated, and T. cruzi infected) (n = 3/group). Bar

graph values were derived from densitometry analysis and by normalizing target protein expression to b-Actin.

(B) Fold change expression of CASP3, RIPK3, and MLKL mRNA transcripts (normalized to HPRT) in cultured human adipocytes (uninfected, TNFa-treated and

T. cruzi infected) (n = 3).

(C and D) Adipome size distribution and absolute concentration as determined by Spectradyne nCS1 with a C-900microfluidic cartridge. Bothmouse and human

adipomes were derived from cultured 3T3-L1 and human adipocyte-conditioned media, respectively. Inset: A (blue) = uninfected, B (green) = TNFa-treated,

C (red) = T. cruzi infected.

(E) PCR analysis of adipogenic (Adipoq, Fabp4, and Pparg), apoptotic (Chop) and extracellular vesicle (Tsg101 and Cd13) marker genes in 3T3-L1-derived

adipomes. Lane 1, 2, and 3 represent 3T3-L1-derived adipomes from three independent cultures. Product size: Adipoq, 192bp; Fabp4, 133bp; Pparg, 132bp;

Chop, 118bp; Tsg101, 103bp; and Cd13, 121bp.

(F and G) Fold change expression of AdipoqmRNA transcripts (normalized toHprt) in RAWmacrophages (F) and human fibroblasts (G) treated with 3T3-L1- and

human adipocyte-derived adipomes, respectively, at 1:1 and 1:50 cell-to-adipome ratio for 48 h (n = 3). All treatment groups (Treated - A, - B and - C) were
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Figure 1. Continued

compared to untreated groups. The # symbol indicates comparison between Treated - B and - C. Treated - A = adipomes from uninfected adipocytes; Treated -

B = adipomes from TNFa-treated adipocytes; and Treated - C = adipomes from T. cruzi-infected adipocytes. Data are represented asmeanG SEM. (*/#p< 0.05,

**p % 0.01, ***/###p % 0.001 and ****p % 0.0001).
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demonstrated that T. cruzi persistence in AT disrupts host lipid metabolism, increasing CCM risk by causing adipocyte cell death.11 Our prior

studies of murine CD models have revealed a connection between the loss of body fat resulting from induced adipocyte apoptosis and an

escalation of cardiomyopathy.11 This associationwas observedduring both the acute and indeterminate stages of T. cruzi infection, indicating

a crucial role for pathological adipocytes in the regulation of cardiomyopathy in CD.11 In this study, our primary objective was to elucidate the

immunometabolic consequences of adipocyte apoptosis and its impact on cardiac remodeling, which in turn influences the pathogenesis of

cardiomyopathy in CD.

Building upon our previous findings, we developed a hypothesis that T. cruzi infection induces the apoptosis of adipocytes, leading to the

release of extracellular vesicles, a.k.a. ‘‘adipomes’’, and that these adipomesmay regulate the immune andmetabolic functions of themyocar-

dium, heightening the risk of cardiomyopathy during T. cruzi infection. The current study utilized both in vitro and in vivomodels to test this

hypothesis by investigating how pathological adipocyte-derived adipomes regulate immune cell activation and cardiomyocyte dysfunction in

post-acute T. cruzi infection state. To isolate intact adipomes from the plasma and AT of infected mice, we developed an innovative method

where the adipomes could be selectively purified based on their size (large (L) or small (S)) and unique surface markers. This purification

method overcomes the limitations in isolating adipocyte-specific adipomes from AT in its microenvironment.21,22 We characterized the adi-

pomes using transmission electronmicroscopy (TEM) and analyzed their lipid contents, showing that they contained active lipid biomolecules

whose patterns varied between adipomes derived from healthy versus pathological adipocytes. Additionally, we assessed the functional sig-

nificance of L-adipomes isolated from the plasma of T. cruzi-infected mice by injecting them into the hearts of wild-type and post-acute Cha-

gas mice.We observed that adipome treatment increased inflammatory and adipogenic/lipogenic signaling andmarkers of ER stress, as well

as elevated levels of atrial natriuretic peptide (ANP) and b1-adrenergic receptor (b1-AR) in the mouse hearts. Finally, we found that the ultra-

sound-guided intramyocardial injection of plasma-derived infection-associated L-adipomes (P-ILA) significantly altered cardiac morphology,

increasing the risk of cardiomyopathy in wild-type mice compared to treatment with the vehicle alone. Together, these findings offer new

mechanistic insights into the immune and metabolic alterations triggered by the T. cruzi infection of AT that regulate cardiac remodeling

and promote cardiac pathogenesis during CD.

RESULTS

In our previous studies, we reported several key findings, including: (i) a significant correlation between the loss of body fat (adipocytes) and

ventricular dilation,17 (ii) an elevated risk of cardiomyopathy during both acute and chronic stages and a correlation with adipocyte

apoptosis,11 and (iii) the involvement of adipogenic/lipogenic signaling associated with ER stress in the pathogenesis of chronic dilated car-

diomyopathy in T. cruzi-infected mice.9,10 Together, these data suggested a link between adipocyte apoptosis and the pathogenesis of car-

diomyopathy. However, the mechanism by which dying adipocytes may contribute to the risk of cardiomyopathy was not well understood. In

this study, we investigated whether extracellular vesicles released by adipocytes under pathological conditions, elevate the risk of cardiomy-

opathy by regulating heart muscle cells. We also proposed that these adipomes may exert paracrine and endocrine effects on various cell

types in the myocardium, including resident and infiltrated immune cells. To systematically test our hypothesis, we isolated adipomes

from cultured adipocytes and developed an innovative method to isolate circulating and AT-derived adipomes from mice acutely infected

with T. cruzi. Subsequently, we conducted comprehensive in vitro, ex vivo, and in vivo functional analyses. The detailed results are provided

later in discussion.

T. cruzi infection of cultured adipocytes leads to apoptosis and the release of adipomes

To test our hypothesis, we investigated whether the T. cruzi infection of adipocytes during the early stage of infection (when most trypomas-

tigotes invade adipocytes in culture, transform into amastigotes, and initiate replication) triggers adipocyte apoptosis and induces the release

of extracellular vesicles (adipomes). We used cultured murine and human adipocytes infected with T. cruzi (MOI 3:1) for 72 h and analyzed

protein and mRNA levels of apoptosis markers in murine and human adipocytes, respectively. The levels of apoptosis marker, cleaved cas-

pase7 was measured in cell lysates from T. cruzi-infected and uninfected murine 3T3-L1 differentiated adipocytes. As a positive control for

apoptosis, we treated 3T3-L1 adipocytes with TNFa for 48 h.23 Immunoblotting analysis revealed significantly higher levels of cleaved caspase

in T. cruzi-infected and TNFa-treated adipocytes compared to uninfected cells, indicating that T. cruzi infection induces apoptosis in

adipocytes (Figure 1A). Similarly, qPCR analysis demonstrated a significant increase in CASP3 gene expression in T. cruzi-infected human

adipocytes compared to uninfected cells (Figure 1B). The levels of necroptotic gene markers such as RIPK3 and MLKL were not altered in

T. cruzi-infected cells, but were significantly increased in TNFa-treated cells compared to untreated human adipocytes (Figure 1B).

Next, we investigated whether T. cruzi infection-induced apoptosis resulted in the release of adipocyte-specific extracellular vesicles (adi-

pomes). We isolated adipomes from the conditioned medium using the Exoquick-TC Ultra EV isolation kit (Figure S1A) and quantified their

size distribution and concentration using Spectradyne nCS1 instrument. The size of adipomes ranged between 200 nm and 1100 nm for both

cultured 3T3-L1 murine adipocytes and human adipocytes (Figures 1C and 1D). The adipomes derived from uninfected and T. cruzi-infected

3T3-L1 adipocytes showed two distinct peaks corresponding to sizes ranging from 200 nm to 400 nm and 600 nm–1000 nm, whereas the
iScience 27, 109672, May 17, 2024 3



Figure 2. Adiponectin enables selective capture of adipomes from murine white adipose tissue (WAT)

(A) Immunoblot analysis of phospho-Perilipin, cleaved Caspase 7 and Annexin V expression in theWAT lysates of infected (20 DPI) and uninfected C57BL/6Jmice

(n = 4–8 per group). Bar graph values were derived from densitometry analysis and by normalizing target protein expression to GDI. Error bars indicate the

standard error of the mean (*p < 0.05).

(B) Immunoblot analysis of adiponectin in WAT-derived large-EVs (L-EV) and small-EVs (S-EV). Black arrow points to the 25 kDa marker band on the pre-stained

protein ladder. Adiponectin band appears at 26/30 kDa. Lanes: C, control WAT lysate; L Ev, large-EV; and S Ev, small-EV.

(C) Surface immunofluorescence staining of 3T3-L1 adipocytes show the co-localization of Adiponectin (green) with Annexin V (red) (top panel) and FABP4 (red)

with Annexin V (green) (bottom panel) on budding apoptotic bodies. Scale bar, 50 mm.
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Figure 2. Continued

(D) Immunoblot analysis of adiponectin in WAT-derived large-adipomes and small-adipomes. Black arrow points to the 25 kDa marker band on pre-stained

protein ladder. Adiponectin band appears at 26/30 kDa. Lanes: C, control WAT lysate; L, large-adipomes; and S, small-adipomes.

(E) Immunofluorescence assay (IFA) of bead-bound adipomes stained with Adiponectin-AF488 (top panel) and FABP4-AF488 (bottom panel) imaged on the FITC

channel along with their corresponding bright field (BF) images. Scale bar, 5 mm.

(F) WAT-derived adipome size distribution and absolute concentration as determined by Spectradyne nCS1 with a C-2000 microfluidic cartridge. Inset: L (blue),

large-adipomes; S (green), small-adipomes. Gate: G1, particle concentration at size range of 250–400 nm diameter showing more small-adipomes than large-

adipomes; and G2, particle concentration at size range of 700–1100 nm diameter showing mostly large-adipome distribution.

(G) Transmission Electron Microscopy (TEM) images of small-adipomes (left, scale bar 80 nm) and large-adipomes (right, scale bar 100 nm) with a direct

magnification of 20,0003. Black arrow indicates the budding scars on L-adipomes.
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adipomes from TNFa-treated 3T3-L1 adipocytes were mostly between 300 nm and 500 nm (Figure 1C). Adipomes derived from T. cruzi-in-

fected and TNFa-treated human adipocytesmostly ranged between 200 nm and 400 nm (Figure 1D). The number of adipomes released from

T. cruzi-infected and TNFa-treated adipocytes (in both murine and human adipocytes) were significantly higher (1.4-fold–2.8-fold) compared

to the adipomes released from uninfected adipocytes. These findings indicated that T. cruzi infection leads to adipocyte apoptosis and that

apoptotic adipocytes produce higher levels of adipomes than healthy adipocytes.

Cultured adipocyte-derived adipomes regulate adipogenic signaling in macrophages and fibroblasts

We performed qPCR analysis of adipomes and found that adipomes contain adipogenic (Adipoq, Fabp4, Pparg), apoptotic (Chop), and

extracellular vesicle (Cd13 and Tsg101) gene mRNAs (Figure 1E). Thus, adipomes may influence adipogenic signaling in target cells, such

as macrophages and fibroblasts. To test this hypothesis, first, we treated RAW 264.7 macrophages with adipomes obtained from murine

3T3-L1 cells at two different cell-to-adipome ratios (1:1 and 1:50). Second, we treated human foreskin fibroblast (HFF) cells with adipomes

derived from cultured human adipocytes. Adipomes were isolated from uninfected adipocytes, T. cruzi-infected adipocytes, and adipocytes

treated with TNFa (as a positive control for apoptosis).23 Subsequently, we analyzed the gene expression in the target cells by qPCR analysis.

Our findings have revealed that, in macrophages treated with adipomes derived from T. cruzi-infected adipocytes, the mRNA levels of adi-

ponectin were significantly upregulated in the 1:50 treatment compared to naive macrophages (Figure 1F). In HFF cells, adiponectin levels

were significantly upregulated in both 1:1 and 1:50 adipome-treated cells compared to naive HFF cells. Additionally, this upregulation was

observed in cells treated with adipomes from control or TNFa-treated adipocytes (Figures 1F and 1G). Furthermore, to investigate the effects

of upregulated adiponectin expression, we quantified the mRNA levels of adiponectin receptors (Adipor1 and Adipor2), Ppara, and Tnfa, all

of which are regulated by adiponectin. Our observations showed that Ppara and Adipor2 levels were significantly upregulated in macro-

phages incubated with adipomes (1:50) from T. cruzi-infected and TNFa-treated adipocytes compared to naive macrophages and those

treated with adipomes from control adipocytes (Figure S1B). However, in HFF cells incubated with adipomes (1:50) from T. cruzi-infected ad-

ipocytes, the levels of Ppara and Adipor2 were significantly downregulated compared to untreated HFF cells and those treated with adi-

pomes from control and TNFa-treated adipocytes (Figure S1C).

Together, these experiments demonstrate that adipomes in general and adipomes from T. cruzi-infected adipocytes in particular upre-

gulate adiponectin gene expression in macrophages and fibroblasts in a concentration-dependent manner. Additionally, the adipomes

either have no effect or downregulate Tnfa in macrophages. Finally, adipomes differentially regulate the gene expression of Ppars, Adipor1,

and Adipor2 in macrophages and HFF cells.

Acute T. cruzi infection promotes the release of L-adipomes in mouse AT

Our in vitro data on the regulatory role of culture adipocyte-derived adipomes inmacrophages and fibroblasts (Figures 1F and 1G) suggested

that adipomes derived fromATmay play a critical role in regulatingmajormyocardial cells during T. cruzi infection in vivo. To begin to address

this question, we investigated whether adipocytes of infectedmice release adipomes. In a previous study, we demonstrated that during acute

infection with T. cruzi, there was an increase in the infiltration of immune cells and pro-inflammatory signaling in both white and brownAT.24,25

We also showed a significant loss of adipocytes during acute infection.17,26 When considering the production of pathological adipocytes and

adipocyte-derived adipomes during T. cruzi infection, it is important to note that mice lack a true epicardial fat depot. Instead, they possess a

small fat deposit around the heart,27,28 which is too small to isolate adipomes. Moreover, pericardial fat is rarely found in the acute Chagas

mouse model, as we observed in the MRI images from our previous study, which showed the disappearance of pericardial fat during acute

infection (Figure S2A). Consequently, in this study, we chose to focus on visceral fat pads (epididymal white adipose tissue (WAT). First, we

investigated whether T. cruzi infection induces apoptosis in WAT, leading to the loss of adipocytes and subsequent release of adipomes.

Indeed, immunoblotting analysis of WAT revealed elevated levels of markers of lipolysis (phospho-Perilipin) and apoptosis (cleaved caspase

7 and Annexin V) in T. cruzi-infectedmice compared to uninfectedmice (Figure 2A). These findings suggest that, as in cell culture, the T. cruzi

infection of AT triggers adipocyte apoptosis and may lead to the release of apoptotic bodies and other macrovesicles.

It is well-known that large/macro EVs (large-EVs), such as ApoBDs and macrovesicles, differ in size and mechanism of origin from small or

micro extracellular vesicles (small-EVs), such as microvesicles and exosomes.29–33 Therefore, in order to investigate the specific role of path-

ological adipocyte-derived adipomes in CD pathogenesis, we isolated and separated large- and small-EVs from WAT based on their size

using high-speed centrifugation, as detailed in the STAR Methods. We observed that the levels of large-EVs were significantly higher in

the WAT of infected mice (ranging between 2 and 10x107/100mg) compared to uninfected mice (ranging between 5 and 10x105/100mg),
iScience 27, 109672, May 17, 2024 5



Figure 3. The lipidome of L-adipomes is distinct from that of S-adipomes

(A and G) Principal component analysis (PCA) score plot of the lipid profiles from CLA and ILA (A), and ILA and ISA (G) showing clusters of two groups.

(B and H) Heatmap representation of the clustering analysis of top 25 differentially abundant lipid molecular species (with lowest FDR-adjusted p-values) based

on z-scores for the normalized, transformed, and scaled data betweenCLA and ILA (B), and ILA and ISA (H). For class names, red represents CLA or ILA and green

represents ILA or ISA. For the abundance of each lipid, red represents high, and blue represents low.

(C and I) Volcano plots represent significantly altered lipid metabolites in ILA compared to CLA (C), and ISA compared to ILA (I). Red dots indicate upregulated

lipids and blue dots indicate downregulated lipids.

(D) KEGG pathway analysis revealed seven dysregulatedmetabolic pathways enriched in ILA compared to CLA. All matched pathways were plotted according to

p-value and pathway impact score from pathway enrichment analysis and pathway topology analysis, respectively. Color gradient: yellow, higher p-value; and

red, lower p-value. Circle size: large, higher impact score; and small, lower impact score.
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Figure 3. Continued

(E and F) Pathway representation of Sphingolipid metabolism (E) and Glycerophospholipid metabolism (F) with lipid metabolites (highlighted in red)

enriched in ILA. Data represents the mean (n = 3 per group). Abbreviations: CLA, control large-adipomes; ILA, infected large-adipomes; and ISA, infected small-

adipomes.
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as quantitated by the Exocet exosome quantification kit (System Biosciences) with p-value %0.05. However, the levels of small-EVs did not

show any significant difference between uninfected and infectedmice, with counts ranging from 2.0 to 3.0x108. Additionally, immunoblotting

analysis revealed the presence of the adipocyte-specific marker, adiponectin, in both large-EVs and small-EVs (Figure 2B).
Developing an innovative method to isolate intact adipomes from mouse WAT

In the body, AT is comprised not only of adipocytes, but also various other cell types, including immune cells, that may contribute to the over-

all extracellular vesicle (EV) pool. Thus, to develop a method to specifically isolate adipomes derived from adipocytes, we investigated the

suitability of adiponectin and FABP4, two widely used adipocyte markers, as surface markers that can be utilized for affinity purification. First,

we investigated whether apoptosis regulates the expression of adiponectin and FABP4, and whether adiponectin and/or FABP4 are present

on the cell surface of apoptotic adipocytes. We used murine 3T3L1 differentiated adipocytes (treated with TNFa for 24 h) and performed sur-

face immunofluorescence analysis (IFA). Our observations revealed the co-localization of adiponectin and FABP4 with Annexin V (apoptosis

marker) on the surface of budding apoptotic bodies (Figures 2C and S2B). Annexins are present on the surface of EVs.34–37 Based on this

in vitrodata andprevious studies demonstrating the presence of adiponectin and FABP4 in adipocyte-derived EVs,38 we selected adiponectin

and FABP4 as markers to isolate adipocyte-specific EVs/adipomes from the total pool of WAT-derived EVs.

Next, we successfully enriched intact L-adipomes (large-adipomes) and S-adipomes (small-adipomes) from large-EVs and small-EVs,

respectively, following the procedure described (Figure S1A). Immunoblotting analysis confirmed the presence of adiponectin, FABP4, An-

nexin V, and perilipin in both L- and S-adipomes, providing further evidence of their adipocyte origin (Figures 2D and S2C). Moreover, surface

immunostaining of bead-bound adipomes provided additional support for the use of adiponectin and FABP4 as suitable markers for iden-

tifying and isolating adipomes from a pool of EVs (Figure 2E). Fluorescence microscopic analysis revealed a stronger green fluorescence in-

tensity in adipomes stained for surface adiponectin compared to FABP4-stained adipomes, indicating that adiponectin is more abundant on

the surface of adipomes compared to FABP4 (Figure 2E). As a negative control, we also stained the magnetic streptavidin beads to check for

autofluorescence or non-specific antibody binding and found no fluorescence signal (Figure S2D). Further characterizations of adipomes

included determining their size distribution and abundance using Spectradyne nCS1 (Figure 2F) and examining their size and integrity

through TEM analysis (Figures 2G and S2E–S2G). Spectradyne measurements produced distinct peaks for L- and S-adipomes (Figure 2F),

while TEM images of L-adipomes exhibited the presence of apoptotic budding scars, with a size range between 200 and 400 nm. In contrast,

the size of S-adipomes ranged between 30 and 80 nm, as shown by TEM images (Figures 2G and S2E–S2G). These findings validate our inno-

vative method for isolating adipocyte-specific adipomes from WAT.
L-adipomes and S-adipomes carry a distinct set of lipid cargoes, which differ between uninfected and infected mice

Adipocytes inWAT contain large amounts of lipids compared to other cells.39 During infection, the presence of parasites may alter adipocyte

lipid composition. Thus, adipomes may also carry a substantial amount of lipid biomolecules, and their lipid contents may vary between

infected and uninfected mice. To investigate whether the lipid cargoes differ between large adipomes (L-adipomes) and small adipocytes

(S-adipomes) and between pathological and normal conditions (infection vs. non-infection), we conducted Liquid Chromatography-Mass

Spectrometry-based lipidomics analysis of L-adipomes and S-adipomes derived from WAT of control (uninfected) mice (CLA and CSA,

respectively) and infected mice (ILA and ISA, respectively). A total of 287 lipid metabolites were identified, covering more than 21 subclasses

including free cholesterol, free fatty acids (FFA), sphingomyelins (SM), phospholipids, ceramides (CER), triglycerides (TAG), and so forth.

These lipids were quantified using class-specific internal standards (see STAR Methods). The lipidomic analysis of CLA, ILA, CSA, and ISA

revealed diverse lipid patterns specific to the pathological conditions and the two types of adipomes (large vs. small) (Figures 3 and S3).

For example, cholesterol levels were higher in ILA and ISA compared to CLA and CSA, while total FFA levels were lower in ILA and ISA

compared to CLA and CSA. Additionally, total diacylglycerol (DAG) and TAG levels were greater in ISA compared to all other groups (Fig-

ure S3A). ILA contained higher levels of total ceramides, hydroxy ceramides (HCER), SM, and various phospholipids compared to CLA

(Figure S3A).

Even in cases where specific lipid classes were not significantly altered between the groups, the levels of many individual lipid metabolites

within each class were differentially expressed (DE) and specific to CLA, CSA, ILA, and ISA (the complete list of DE lipid metabolites in CLA,

CSA, ILA, and ISA are available in Table S1). Further analysis comparing CLA and ILA showed significant differences in several lipid metab-

olites between these two groups (Figures 3A–3C).We applied Principal component analysis (PCA) to identify themetabolic profile differences

between groups (Figure 3A). First, a heatmap was used to find the relative intensity distribution of the significantly altered lipid metabolites

and to identify differentially expressed lipid metabolites between CLA and ILA, as shown in Figure 3B. We next constructed a volcano plot

applying a significance p-value level of <0.05 based on t-test and a fold change (FC) value higher than 1.5 (Figure 3C). The volcano plot anal-

ysis revealed 15 lipid molecular species significantly altered in ILA relative to the CLA group. Notably, levels of PC(18:1/16:1), PE(18:0/20:4),

PE(P-16:0/22:6), HCER(16:0), HCER(26:1), SM(d18:1/22:0), SM(d18:1/22:6), SM(d18:1/17:0), SM(d18:1/16:0), CER(18:0), pentadecanoyl
iScience 27, 109672, May 17, 2024 7



Table 1. Upregulated Metabolites in ILA compared to CLA and their respective KEGG metabolite ID

Metabolites KEGG

PC(14:0/20:2) C00157

Ceramide (d18:1/18:0) C00195

TG(16:0/18:0/18:2) C00422

PE(O-16:1/22:6) C00350

PE(16:0/22:4) C00350

Galactosylceramide (d18:1/16:0) C02686

Galactosylceramide (d18:1/26:1) C02686

SM(d18:1/22:0) C00550

SM(d18:0/16:1(OH)) C00550

SM(d18:0/16:1) C00550

Related to Figure 3.
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carnitine-AC (15:0), tetradecanoyl AC (14:0), TAG48:3-FA18:2, and TAG52:2-FA18:1 were significantly increased, while levels of PE(P-18:2/

18:2) were significantly decreased in ILA compared to CLA (Figure 3C).

To identify the molecular mechanisms associated with the lipid metabolites enriched in ILA compared to CLA, we employed the Pathway

Topology Analysis (PTA) module. The PTA module combines powerful pathway enrichment analysis with pathway topology analysis to iden-

tify the most relevant pathways altered by the metabolites (see STARMethods). Pathway Analysis of the upregulated lipid metabolites in ILA

compared to CLA revealed that the enriched lipid metabolites in ILA are involved in seven different lipid signaling pathways, including

Sphingolipid metabolism, Glycerophospholipid metabolism, Linoleic acid metabolism, alpha-Linolenic acid metabolism, Glycosylphospha-

tidylinositol (GPI)-anchor biosynthesis, Glycerolipid metabolism, and Arachidonic acid metabolism (Table 1; Figure 3D). Based on the KEGG

numbers of lipid metabolites, we identified five metabolites involved in Sphingolipid metabolism (such as SM(d18:1/22:0) [KEGG# C00550],

SM(d18:0/16:1 [KEGG# C00550], SM(d18:0/16:1 [KEGG# C00550]), Galactosylceramide (d18:1/16:0) [KEGG# C02686], and Galactosylcera-

mide (d18:1/26:1) [KEGG# C02686]), three metabolites in Glycerophospholipid signaling (such as PC(14:0/20:2 [KEGG# C00157]),

PE(O-16:1/22:6) [KEGG# C00350], and PE(16:0/22:4) [KEGG# C00350]), and one metabolite in Linoleic acid pathway PC(14:0/20:2 [KEGG#

C00157]) (Figures 3E and 3F; Table S2). Impaired accumulation of these metabolites and associated pathways has been shown to increase

the risk of cardiovascular and coronary artery diseases.40,41 Thus, these analyses suggest that the interaction of cardiomyocytes with ILA

may impair cardiomyocyte functions through alterations in sphingolipid, glycerophospholipid, and linoleic acid metabolisms.

We also compared lipid metabolite levels between ILA and ISA to identify any differences in lipid contents between the large and small

adipomes derived from infectedmice (Figures 3G–3I). The PCA revealed a clear separation between the two groups (ILA and ISA) (Figure 3G),

and we observed differentially expressedmetabolites between ILA and ISA samples (Figure 3H). Specifically, the levels of various TAGs (more

than 50) were significantly decreased in ILA compared to ISA, with the exception of LPE (20:0), which was significantly higher in ILA (Figure 3I).

Similarly, we observed differences in DE lipid metabolites between ISA and CSA (Figures S3B and S3C). Notably, the levels of various TAGs

were significantly higher in ISA compared to CSA (Figure S3C). This data further supports the idea that ISAs are rich in TAGs, which may be

important in how they regulate cellular functions. Furthermore, we analyzedwhether lipid profiles differ betweenCLA andCSA and found that

CSA carry significantly greater levels of various SMs, CERs, and HCERs compared to CLA (Figures S3D and S3E). Overall, our data indicates

that CLA, ILA, CSA, and ISA carry different lipid cargoes specific to their origin.
Adipomes derived from AT of T. cruzi-infected and uninfected mice differently regulate immunometabolic signaling in

macrophages and alter macrophage polarization

We have demonstrated a significant regulatory impact of cultured adipocyte-derived adipomes on gene expression in macrophages

(Figure 1F). Additionally, our research has revealed that WAT-derived adipomes carry specific lipid cargoes unique to infection status and

adipome type (Figure 3). These findings suggest that adipomes derived from uninfected and infected mice may differentially influence mac-

rophages, which play a vital role in pathogen and dead cell clearance. For instance, adipomes enriched with ceramides (ILA) can induce

macrophage M1 polarization,42 while those enriched with triacylglycerols (ISA) may cause macrophage mitochondrial oxidative stress.43

Thus, we explored the regulatory effects ofWAT-derived adipomes inmacrophages ex vivo. To assess the impacts of adipomes fromdifferent

sources (CLA, ILA, CSA, and ISA) onmacrophages, we treated RAW 264.7macrophages with adipomes at a 1:1 cell-to-adipome ratio for 48 h.

Subsequently, we performed qPCR analysis of both treated and untreated macrophages using a custom-designed RT2 Profiler qPCR array

(Qiagen). This array includes genes associated with adipogenesis (Adipoq, Pparg, Fabp4), lipogenesis (Cebpa, Srebf1, Fas), cellular meta-

bolism-specific signaling molecules (Slc2a4, Sphk1, Sgk2, Cpt1b, Slc27a4, Adra1a, Adra1b, Adipor1, Adipor2, and Insr), as well as markers

of inflammatory and immune responses (Adgre1, Ccl5, Cxcl10, Ifng, Il1a, Il1b, Il10, Il17a, Il2, Il4, Il6, Tnfa, Tlr2, Tlr4, Tlr9, Ccr5, Ccr6, Cd80,

Cxcr3, Cxcr5, Foxp3, Cd40, Cd86, Myd88, and Nfkb1) (Figure S4A).
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Figure 4. Infected L-adipomes alter immunometabolic signaling and macrophage polarization

(A–D) Changes in the expression of genes involved in adipogenesis (A), lipid metabolism (B), and immune and inflammatory signaling (C and D) based onmRNA

fold change values (normalized to Hprt) in macrophages treated with CLA and ILA for 48 h as demonstrated by custom RT2 Profiler qPCR array analysis. Fold

change was calculated using Qiagen data analysis spreadsheet.

(E and F) Fold change expression of Arg1mRNA transcript (E) and mRNA levels of genes involved in mitochondrial oxidative phosphorylation (F) (normalized to

Gapdh) inmacrophages treatedwith CLA and ILA for 48 h as demonstrated by qPCR analysis (n= 3). Data are represented asmeanG SEM. (*p< 0.05, **p% 0.01,

and ***p % 0.001).
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First, we compared the gene expression between macrophages treated with L-adipomes (CLA or ILA-treated groups) and naive macro-

phages. We observed a significant upregulation of Adipoq (adiponectin) and Pparg in macrophages treated with CLA or ILA compared to

naive cells (Figure 4A). Additionally, with the exception of Cebpa, Srebf1, Fabp4, Slc27a4, adiponectin receptors Adipor1 and Adipor2, and

Insr, all other genes involved in metabolic signaling exhibited significant increases in macrophages treated with CLA/ILA compared to naive

cells (Figure 4B). Moreover, the mRNA levels of pro-inflammatory signaling molecules such as Tnfa, Tlr2, Tlr4, Tlr9, and Myd88 were signif-

icantly decreased, while the levels of anti-inflammatory signaling molecule Il10 were significantly increased in macrophages treated with

CLA/ILA compared to naive macrophages (Figure 4C). Furthermore, qPCR data demonstrated significantly higher levels of Ifng, Il6, and

Ccr5 in macrophages treated with CLA/ILA (Figure 4D). It is noteworthy that even though the levels of Ifng and Il6 were significantly upregu-

lated in adipome-treated macrophages, the pro-inflammatory cytokine Tnfa was significantly downregulated compared to naive macro-

phages, suggesting a possible shift in macrophage polarization toward M2.

As part of our investigation into macrophage polarization, we examined the mRNA levels of Arginase (Arg1), which serves as a marker of

M2 macrophages and plays a key role in macrophage activation and polarization. The results revealed a significant increase in Arg1 levels in

macrophages treated with adipomes compared to naive macrophages (Figure S5A). Moreover, when comparing CLA and ILA treated cells,

we observed significantly higher levels of Arg1 in the ILA-treated cells (Figure 4E). Interestingly, both CSA and ISA-treated macrophages

showed significantly reduced levels of Arg1 compared to CLA and ILA-treated cells, respectively (Figure S5B). These findings indicate that

adipomes regulate metabolic and immune signaling in macrophages by inducing adiponectin expression, inhibiting Nfkb-Tnfa activation,

and promoting M2 polarization. Additionally, these data suggest that ILA significantly upregulates adipogenic genes, Il10, and Arg1 in mac-

rophages compared to CLA, CSA, and ISA. This finding may have implications for macrophage activation in infected mice and the clearance

of parasites from infected organs.

Quantitative analysis revealed significant differences between macrophages treated with adipomes and untreated macrophages (Fig-

ure S4B). The genes most significantly and highly upregulated in adipome-treated macrophages compared to naive macrophages were

Adipoq, Pparg, Ifng, Il6, and Ccr5 and downregulated wereNfkb, Tnfa, Cebpa, Srebp1, Adipor1, Adipor2 and Insr, indicating that adipomes

regulate immunometabolic genes in macrophages. Furthermore, the origin of adipomes (CLA, ILA, CSA, and ISA) was also associated with

notable differences in the levels of specific genes (Tables S3 and S4). For example, in the comparison between ISA- and CSA-treated mac-

rophages, the mRNA levels of Il4, and Ccr5 (anti-inflammatory signaling) were significantly downregulated in ISA-treated macrophages

compared to CSA-treated macrophages, suggesting that infection generated ISA promotes pro-inflammatory signaling.

The upregulation of adipogenic genes, such as Adipoq and Pparg, and the downregulation of other genes involved in glucose and lipid

metabolism, such as Cebpa, Srebf1, and Slc27a4, in adipome-treated macrophages could potentially impact energy pathways and differen-

tially influence mitochondrial functions relative to naive macrophages. To explore this further, we analyzed the mRNA levels of mitochondrial

genes associated with oxidative phosphorylation, including Nadhd, Nd1, Nd2, Sdhc, Cytb, Cox1a, Cox5a, Apt6, Ant1, and Ppargc1a. Our

qPCR analysis revealed a significant increase in Nadhd, Nd1, Nd2, Cytb, Cox1a, and Apt6 in all the adipome-treated groups compared to

naive macrophages (Figure S5C). Furthermore, when we compared the levels of these genes between CLA- and ILA-treated cells, we found

that all these genes were significantly increased in ILA-treated macrophages compared to CLA-treated macrophages (Figure 4F). Addition-

ally, the levels of Cox5a and Ant1 were significantly decreased in CSA- and ISA-treated macrophages compared to naive macrophages (Fig-

ure 4F). Moreover, between ILA- and ISA-treatedmacrophages, the above-mentioned genes were significantly upregulated in macrophages

treated with ILA compared to ISA, suggesting that ILA may highly regulate mitochondrial functioning genes. These findings indicate signif-

icant alterations in mitochondrial gene expression among macrophages treated with adipomes of different origin (Figures 4F and S5D–S5F).

These results suggest that, depending on the state of AT (e.g., infected vs. non-infected), AT-derived adipomes can influence mitochondrial

gene expression differently in macrophages, potentially impacting their cellular energy metabolism and functions.

Adipomes upregulate lipogenic, mitochondrial and inflammatory genes in cardiomyocytes

To investigate whether adipomes can also regulate non-phagocytic cells in the heart, we treated murine primary cardiomyocytes with adi-

pomes (1:1) derived from different sources (CLA, ILA, CSA, and ISA) for 48 h. Subsequently, we analyzed the mRNA expression of various

genes, including Adipoq and adiponectin receptors (Adipor1 andAdipor2), lipolytic signaling (b-AR, beta-Adrenergic Receptor,Adrb2), lipo-

genic genes (Srebp1a and Srebp1c), mitochondrial signaling (Nadhd, Nd1, Nd2, Sdhc, Cytb, Cox1a, Cox5a, Apt6, Ant1, and Ppargc1a), and

inflammatory genes (Tnfa and Ifng) by qPCR.

qPCR analysis revealed that adipomes from all the groups significantly upregulated the expression of Adrb2, Tnfa, Srebp1a, and Nd2 in

cardiomyocytes compared to untreated cells (Figures 5A–5C). However, ILA treatment significantly alteredmost of the genes tested, with the

exception of Adipoq, Srebp2, Sdhc, and Cytb (Figures 5A–5C). In the comparison between ILA- and CLA-treated macrophages, the levels of

Pparg were significantly upregulated in ILA-treated cells compared to CLA-treated cells (Figure S6A). qPCR demonstrated a substantial
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Figure 5. Adipomes play a major regulatory role in cardiomyocytes functioning

(A–C) Fold change in mRNA transcript levels of genes involved in adipogenic and lipogenic signaling (A), mitochondrial oxidative phosphorylation (B), and

inflammatory signaling (C) (normalized to Gapdh) in murine primary cardiomyocytes treated with CLA, ILA, CSA, or ISA for 48 h and compared to untreated

cardiomyocytes as demonstrated by qPCR analysis (n = 3). All adipome-treated groups (CLA, ILA, CSA, and ISA) were compared to untreated groups. Data

are represented as mean G SEM. (*p < 0.05, **p % 0.01, and ***p % 0.001).
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upregulation of adiponectin receptors (Adipor1 and Adipor2) in adipome-treated cardiomyocytes, while the levels of adiponectin remained

unchanged compared to untreated cardiomyocytes (Figure 5A). Specifically, the levels of Adipor1 and Adipor2 were significantly higher in

cardiomyocytes treated with ILA and CSA compared to those treated with CLA. Adipome treatment also led to a significant increase in

the expression of Adrb2 and Srebp1a genes in cardiomyocytes, suggesting that adipomes alter lipid metabolism. Furthermore, Srebp1c

was significantly increased in ILA and not in CLA compared to untreated cardiomyocytes.

This increased lipogenic signaling and stimulation of lipolysis through b-AR appears to upregulate mitochondrial functions.44,45 Among

the analyzed genes encoding mitochondrial proteins, adipome treatment (regardless of origin) significantly altered the levels of Nd2,

Cox1a, and Cox5a genes in cardiomyocytes (Figure 5B). The levels of the Nd1 gene were significantly upregulated in cells treated with

ILA and CSA compared to untreated cells. Increasedmitochondrial oxidative phosphorylation leads to an increase in reactive oxygen species

production, which in turn influences TNFa in a positive feedback loop.46 Indeed, our data also showed a significant increase in the mRNA

levels of Tnfa in adipome-treated cardiomyocytes compared to untreated cells (Figure 5C). Additionally, qPCRdemonstrated an upregulation

of Ifng levels in ILA-, CSA-, and ISA-treated cells, but not in CLA-treated cells, compared to untreated cardiomyocytes (Figure 5C). These

findings suggest that adipomes enhance lipogenic signaling in cardiomyocytes, leading to increased mitochondrial oxidative
iScience 27, 109672, May 17, 2024 11



Figure 6. Circulatory adipomes induce ER stress in cardiomyocytes

Immunoblot analysis of b1-AR and CHOP expression in murine primary cardiomyocytes treated with plasma-derived adipomes (P-CLA, P-ILA, P-CSA, and P-ISA)

and naive cells (n = 3/group). Bar graph values were derived from densitometry analysis and by normalizing target protein expression to GDI. The ‘‘&’’ symbol

denotes significance calculated between different adipome-treated groups. Data are represented as mean G SEM. (*p < 0.05, **p % 0.01, and ***p % 0.001).
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phosphorylation and inflammatory signaling. Notably, ILA treatment further upregulated lipogenic signaling compared to CLA via the upre-

gulation of Pparg (Figure S6A). Interestingly, no significant difference in macrophage gene regulation was observed between ILA and ISA-

treated macrophages, whereas CSA treatment significantly increased lipogenic signaling and mitochondrial oxidative signaling compared

to CLA, suggesting that uninfected WAT-derived L- and S- adipomes differently regulate macrophages. Overall, our data demonstrate

that CLA, ILA, CSA, and ISA regulate both macrophages and cardiomyocytes, and that they differentially alter adipogenic, lipogenic, mito-

chondrial oxidative, and inflammatory signaling in these target cells.

Plasma-derived infection-associated adipomes (L- and S-) induce endoplasmic reticulum stress in primary cardiomyocytes

Our qPCR analysis revealed that adipomes derived from AT regulate the mRNA expression of b-AR, a marker of arrhythmic cardiomyopathy

(Figure 5). Thus, we also analyzed the protein levels of b-AR in cardiomyocytes exposed to adipomes (at a cell-to-adipome ratio of 1:25 for 48h)

by immunoblotting analysis. Notably, the levels of b-AR were significantly higher in cardiomyocytes treated with plasma-derived L-adipomes

isolated from infected mice compared to naive cardiomyocytes (Figures 6 and S1A). b-AR stimulation is known to induce endoplasmic retic-

ulum (ER) stress in cardiomyocytes.47 Consequently, we analyzed the protein levels of CHOP, an ER stressmarker, and discovered that both L-

and S- adipomes specifically from infectedmice plasma significantly increased the levels of CHOP in cardiomyocytes compared to naive cells.

This data indicates that plasma-derived L-adipomes from infected mice regulate b-AR signaling, which is linked to lipid metabolism and ar-

rhythmias in cardiac cells.

P-ILA induce mitochondrial dysfunction in primary cardiomyocytes

Increased lipogenic signaling can strain mitochondrial functions, potentially leading to mitochondrial dysfunction and arrhythmias.48–50 To

investigate whether PILA-induced arrhythmogenic b-AR signaling in cardiomyocytes is attributable to heightened lipogenic signaling-asso-

ciated mitochondrial dysfunction, we assessed mitochondrial bioenergetics by Seahorse XFe96 analyzer, using the Seahorse XF Cell Mito

Stress Test kit as described in the STAR Methods section. We measured changes in oxygen consumption rate (OCR) in P-ILA-treated mouse

primary cardiomyocytes, revealing significantly reduced basal and maximal respiration, as well as ATP production, in P-ILA-treated cardio-

myocytes compared to both naive and P-CLA-treated cells (Figure 7). These data suggest that P-ILA induces mitochondrial dysfunction

and exacerbates arrhythmias.

P-ILA elevate the risk for cardiomyopathy in wild-type mice

Wepreviously demonstrated that inducing adipocyte apoptosis increases the risk of cardiomyopathy in T. cruzi-infectedmice during both the

acute and chronic stages of infection.11 In this study, we further showed that AT from infected mice releases higher levels of large adipomes

(L-adipomes), and their lipid contents differ compared to those of uninfectedmice. To investigate whether L-adipomes exist in circulation and

can regulate the myocardium during infection, we isolated L-adipomes from the plasma of T. cruzi-infected (20 DPI) and wild-type C57BL/6J

mice. Plasma-derived infection-associated large adipomes (P-ILA) from infected mice displayed a size range of 300–800 nm, as analyzed by

Spectradyne (Figures S1A and S7A). Ultrasound-guided intramyocardial adipome injection was performed twice a week, with PBS-injected

wild-type C57BL/6J mice serving as controls. Cardiac ultrasound analysis one week after the initial treatment revealed significant alterations

in cardiac morphology in mice treated with P-ILA compared to the control group, including an increased left-ventricle internal diameter

(LVID), right-ventricle internal diameter (RVID), and septal wall thickness at diastole (d) (Table 2). Mice treated with P-ILA also exhibited a

greater left-ventricle ejection fraction (EF) compared to mice treated with the vehicle (64.383G 4.040 vs. 42.817G 3.325; Table 2). It is impor-

tant to note that these measurements were carried out in sedated mice and, as reported previously,51 sedation reduced the normal EF level

from approximately 65% to approximately 35% in C57BL/6J mice. Notably, increased EF levels have been observed in murine models of
12 iScience 27, 109672, May 17, 2024



Figure 7. P-ILA cause mitochondrial dysfunction in primary cardiomyocytes

(A) Seahorse Mito Stress assay showing the oxygen consumption rate (OCR) from plasma-adipome treated (P-CLA and P-ILA) and untreated mouse

cardiomyocytes (n R 6). Data normalized to nuclear content by staining and fluorescence cell counting.

(B–F) Representative graphs depicting the different mitochondrial respiration parameters evaluated, such as basal respiration (B), maximal respiration (C), proton

leak (D), spare respiratory capacity (E), and ATP production (F). Data are represented as meanG SEM. (*p < 0.05, **p% 0.01, ***p% 0.001, and ***p% 0.0001).
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cardiac hypertrophy52 and according to theAmericanHeart Association, an EFmeasurement higher than 75% could indicate a heart condition

such as hypertrophic cardiomyopathy in patients.53 Thus, the significantly increased EF levels in P-ILA-treated mice compared to vehicle-

treated mice suggest that P-ILA treatment may induce a hypertrophic cardiomyopathy phenotype in wild-type C57BL/6J mice.
Alteration of inflammatory and metabolic signaling in the heart by P-ILA increases cardiomyopathy risk in post-acute

Chagas mouse model

The data presented above suggested that P-ILA treatment may exacerbate cardiac pathology in CDmice. To investigate whether P-ILA affect

cardiac pathology and whether they may exacerbate the cardiomyopathic phenotype during chronic infection, we replicated the in vivo

experiment using both uninfected and post-acute T. cruzi-infected (35 DPI) C57BL/6J mice, as outlined in the STAR Methods section.

Both uninfected and T. cruzi-infected mice were treated with PBS to serve as appropriate controls. Ten days after the initial treatment, the

mice were sacrificed, and their hearts were harvested for histological and biochemical analysis to assess the impact of adipome treatment

on the myocardium.

The H&E sections of the hearts revealed an increased infiltration of immune cells in the hearts of both P-ILA-treated uninfected and in-

fected mice, specifically in the epicardium and right ventricles (Figures S7B and S7C). An analysis assessing the impact of adipome treatment

on fibrosis showed no significant differences in fibrosis levels between mice that received adipome treatment and those that did not, in both

uninfected and infected groups (Figure S7D). However, fibrosis levels notably increased in the infected groups (both P-ILA-treated and un-

treated) compared to uninfected groups. This was evident in the results of Picrosirius Red Polarization (PSRP) staining (Figure S7D). Consid-

ering the regulatory influence of adipomeson the expression of TNFA in culturedmacrophages andprimary cardiomyocytes in vitro (Figures 4

and 5), we also investigated their effect on TNFA protein expression in the myocardium through immunohistochemical (IHC) analysis. We

found that treatment with P-ILA elevated the levels of TNFA in the myocardium compared to treatment with the vehicle in uninfected

mice but not in infected mice. However, the levels of TNFA were significantly increased in the myocardium of infected mice compared to

uninfected mice (Figure S7E). We further investigated the protein levels of inflammatory markers, namely TNFA, IFNG, and IL6, in the heart
iScience 27, 109672, May 17, 2024 13



Table 2. Cardiac ultrasound analysis (M mode) showing altered LVID, RVID and other parameters including EF in mice treated with P-ILA compared to

control mice

ECG Measurement Vehicle P-ILA

LVID (d) mm 3.695 G 0.083 3.999 G 0.095**

LVID (s) mm 2.643 G 0.057 2.675 G 0.125

LVPW (d) mm 4.950 G 0.233 5.330 G 0.070*

LVPW (s) mm 4.055 G 0.385 4.265 G 0.095

RVID (d) mm 0.976 G 0.142 1.462 G 0.002**

RVID (s) mm 0.638 G 0.087 0.764 G 0.024

RVED (d) mm 1.503 G 0.181 1.932 G 0.059*

RVED (s) mm 1.275 G 0.094 1.492 G 0.052*

Septal Wall (d) mm 0.471 G 0.018 0.599 G 0.016***

Septal Wall (s) mm 0.325 G 0.006 0.398 G 0.010***

LVEF 42.817 G 3.325 64.383 G 4.040**

ECG, electrocardiography; LVID, left ventricular internal diameter; LVPW, left ventricular posterior wall; RVID, right ventricular internal diameter; RVED, right ven-

tricular end-diastolic area; LVEF, left ventricular ejection fraction; d, diastole; s, systole; P-ILA, plasma-derived infection-associated L-adipomes. *p % 0.05,

**p % 0.01 compared to control mice (vehicle-treated).
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lysates through immunoblotting analysis. The analysis revealed significantly higher levels of TNFA and IL6 in P-ILA-treated uninfected mice

and only IL6 in P-ILA-treated-infectedmice compared to their respective vehicle-treated groups (Figure 8A). Immunoblotting analysis of F4/80

in heart lysates demonstrated that P-ILA treatment also significantly increased the infiltration of macrophages into the hearts (Figure 8A).

Together, these data suggest that P-ILA treatment induces macrophage infiltration in the hearts of both uninfected and infected mice

and increases TNFA only in uninfected mice but does not alter M1-cytokine markers such as TNFA and IFNG in infected mice.

In addition to its key role during inflammation, the pleiotropic cytokine IL6 is involved in lipid metabolism in both humans and rodents by

stimulating lipid hydrolysis andmitochondrial b-oxidation to prevent cardiac lipotoxicity.54,55 Therefore, we analyzed the levels of SREBP1 and

perilipin, markers of lipogenesis and lipid droplets, respectively, and found that the levels of both these proteins significantly increased in the

hearts of P-ILA-treated uninfected mice but not in infected mice compared to their respective vehicle-treated groups (Figure 8B). This data

mirrors our in vitro observations where adipome treatment significantly increased lipogenic genes in primary uninfected cardiomyocytes (Fig-

ure 8B). Interestingly, we noted that the levels of both SREBP1 and perilipin were significantly decreased in vehicle-treated infected mice

compared to vehicle-treated uninfected mice, indicating that acute infection reduces lipid levels in the hearts, either inhibiting lipogenesis

or by increasing lipid utilization in the heart. To test whether P-ILA treatment increases cardiac lipid hydrolysis and oxidation, we analyzed the

levels of phospho-perilipin (p-Perilipin) and PPARa, markers of lipid hydrolysis and lipid oxidation, respectively.56,57 We found that the levels

of p-Perilipin and PPARa significantly increased in the hearts of infected mice compared to uninfected groups, and the treatment with P-ILA

further significantly increased the levels of both markers in infected mice (Figure 8B). These data suggest that increased lipid hydrolysis may

elevate mitochondrial b-oxidation.58

Our in vitro data indicated that adipomes regulate mitochondrial genes involved in oxidative phosphorylation. To further explore these

findings in vivo, we analyzed the levels of markers of mitochondrial oxidative phosphorylation, such as SDHA, Cytochrome c, COX IV, and

HSP60 (Figure 8C). P-ILA treatment significantly increased the levels of SDHA and HSP60 only in uninfected mice (but not in infected

mice) compared to vehicle treatment (Figure 8C). Interestingly, P-ILA treatment significantly reduced the levels of cytochrome c in both un-

infected and infected mice and significantly reduced COX IV only in the infected mice compared to vehicle treatment. These data suggest

that P-ILA treatment affects mitochondrial oxidative phosphorylation and may have especially deleterious effects on the hearts of infected

mice, where lipid hydrolysis is significantly increased compared to uninfected mice.

P-ILA induces ER stress in the heart, elevating cardiomyopathy risk in post-acute Chagas mice

Previously, we demonstrated that the onset of cardiomyopathy in T. cruzi-infected mice, induced by adipocyte apoptosis, is associated with

decreased mitochondrial oxidation (cytochrome c levels) and increased ER stress.11 Therefore, we analyzed the levels of ER stress markers –

Binding immunoglobulin protein (BiP), protein kinase R- (eIF2a), protein disulfide isomerase (PDI) andC/EBP homologous protein (CHOP) – in

heart lysates. Our findings indicate a significant increase in the levels of BiP, PDI, and phospho-eIF2a in the hearts of P-ILA-treated-infected

mice and only BiP in the hearts of P-ILA-treated uninfectedmice compared to the respective vehicle-treated groups (Figure 8D). Elevated BiP

and phospho-eIF2a levels are indicative of increased ER stress.59 ER stress, in turn, is known to raise CHOP levels, which can activate

apoptosis.60,61 Indeed, immunoblotting analysis data revealed an increase in both CHOP and cleaved caspase (an apoptosis marker), but

not BNIP3 (a necrosis marker), in P-ILA-treated-infectedmice (Figures 8D and 8E), indicating that P-ILA induces ER stress and apoptosis while

concurrently diminishing mitochondrial functions in the hearts in infected mice. However, in uninfected mice, although P-ILA treatment

increased BiP and CHOP levels (but not phospho-eIF2a), the levels of cleaved caspase were not increased compared to vehicle treatment.
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Figure 8. P-ILA elevate the risk for cardiomyopathy in murine CD model during post-acute phase

(A–E) Immunoblot analysis of inflammation (TNFa, IFNg, IL6), immune cell infiltration (F4/80), lipogenesis (SREBP1), lipid droplet formation (Perilipin-1), lipid

hydrolysis (phospho-Perilipin), lipid oxidation (PPARa), mitochondrial oxidative phosphorylation (SDHA, Cytochrome c, COX IV, HSP60), ER stress (BiP,
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Figure 8. Continued

phospho-eIF2a, PDI), apoptosis (CHOP, Caspase 7, Cleaved-Caspase 7), and necrosis (BNIP3) markers in heart lysates of uninfected and post-acute T. cruzi-

infected mice treated with intracardiac injections of either P-ILA or vehicle. Bar graph values were derived from densitometry analysis and by normalizing target

protein expression to GDI. Lanes: 1, uninfected vehicle-injected; 2, uninfected P-ILA-injected; 3, T. cruzi-infected vehicle-injected; and 4, T. cruzi-infected P-ILA-

injectedmurine heart tissue lysates. ‘‘&’’ symbol indicates significance calculated between uninfected and T. cruzi-infected P-ILA injections. Data are represented

as mean G SEM. (*p < 0.05, **p % 0.01, and ***p % 0.001).
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This could be due to increased HSP60 levels in the hearts of P-ILA-treated uninfectedmice, which can promote cell survival and inflammation

as indicated by increased TNFa levels in the hearts.62,63 Our data indicates that in uninfected mice, P-ILA treatment induces ER stress asso-

ciated with lipogenesis, impaired mitochondrial oxidative phosphorylation, and elevated proinflammatory TNFa signaling, whereas in in-

fected mice, P-ILA treatment induces ER stress associated with lipid hydrolysis, impaired mitochondrial oxidative phosphorylation, and

elevated apoptosis signaling.

Next, drawing on previous reports,5,11,64,65 we analyzed specific markers of cardiomyopathy using heart lysates and heart sections to

further clarify the role of P-ILA in regulating CCM. Chagas heart disease is considered an arrhythmogenic cardiomyopathy characterized

by atrial and ventricular arrhythmias and a wide variety of abnormalities of the conduction system.11 Beta-adrenergic receptors in the heart

play a crucial role in regulating heart rate and contractility,66 and overactivation of beta-adrenergic receptors can potentially lead to arrhyth-

mias.67 CD is also known to increase the levels of b1-AR and ANP in the hearts of experimental animals and patients.64,65 Murine CD models

with cardiomyopathy display elevated levels of adiponectin in the hearts.11 Immunoblotting analysis of heart lysates demonstrated that P-ILA

treatment significantly increases the levels of adiponectin and b1-AR in the hearts ofmice compared to vehicle treatment, both in infected and

uninfected mice (Figure 9A). IHC analysis further revealed elevated ANP levels in the hearts of P-ILA-treated mice compared to vehicle-

treated mice (Figure 9B), suggesting that P-ILA treatment induces cardiomyopathy in uninfected mice and exacerbates the severity of car-

diomyopathy in post-Chagas-infected mice.
P-ILA do not carry T. cruzi in their cargo

To investigate whether the observed effects in the hearts of P-ILA-treated mice were due to P-ILA-associated T. cruzi, we conducted qPCR

analysis of T. cruzi-specific gene in heart extracts, as previously demonstrated.17 Our results revealed no trace of parasites in the hearts of both
Figure 9. Intracardiac P-ILA treatment increases cardiac adiponectin (APN) and Atrial natriuretic peptide (ANP) in murine CD model

(A) Immunoblot analysis of adiponectin and b1-AR expression in heart lysates of uninfected and post-acute T. cruzi-infected mice treated with intracardiac

injections of either P-ILA or vehicle. Bar graph values were derived from densitometry analysis and by normalizing target protein expression to GDI. Lanes: 1,

uninfected vehicle-injected; 2, uninfected P-ILA-injected; 3, T. cruzi-infected vehicle-injected; and 4, T. cruzi-infected P-ILA-injected murine heart tissue

lysate. The ‘‘&’’ symbol indicates significance calculated between uninfected and T. cruzi-infected P-ILA injections.

(B) Representative immunohistochemistry (IHC) images of vehicle- and P-ILA-injected heart tissue from uninfected and T. cruzi-infected mice showing ANP

immunostaining visualized with DAB and counterstained with hematoxylin. Dot plot shows staining intensity in O.D. (mean gray value) obtained by color

deconvolution analysis.Data are represented as mean G SEM. (**p % 0.01, and ***p % 0.001).
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P-ILA-treated and untreated post-infected mice, and no detectable parasites in P-ILA-treated uninfected mice (Figure S8). The near absence

of parasite genetic material in post-infected mice (45 DPI) can be attributed to the use of a low parasite load (103) in the initial infection, which

typically diminishes significantly in the hearts following acute infection.17 The lack of a significant increase in parasite geneticmaterial in P-ILA-

treated post-infected and uninfected mice suggests that adipomes do not harbor parasites. To reinforce this finding, we conducted qPCR

analysis of T. cruzi in P-ILA-treated cultured cardiomyocytes (1:20 ratio, 48 h), revealing the absence of parasites in treated cells (Figure S8).

Furthermore, the size of the parasite ranges between 2 and 6mm, which is significantly larger than that of L-adipomes (Figure S7A), making it

unlikely that adipomes harbor parasites.

Overall, our in vivo data demonstrate that intracardiac P-ILA treatment increases the infiltration of macrophages, elevates b-AR, adipo-

genic and IL6 signaling, impairs mitochondrial oxidative phosphorylation, and induces ER stress in the myocardium. In addition, P-ILA regu-

late lipogenesis and TNFa signaling in the hearts of uninfected mice and lipid hydrolysis and apoptosis signaling in infected mice, leading to

hypertrophied cardiomyopathy and exacerbating cardiac pathology in uninfected and post-acute CD mice, respectively.
DISCUSSION

Chagas cardiomyopathy, which typically develops after several years or decades in approximately 30% of T. cruzi-infected patients, man-

ifests a broad spectrum of cardiac abnormalities, ranging from ECG abnormalities to multi-ventricular dysfunction and heart failure. Inter-

estingly, recent reports suggest that individuals in the acute phase can also progress to a chronic form of acute cardiomyopathy (ACM).4

The progression to various forms of arrhythmogenic cardiac ailments in patients with CD is multifactorial.5 Our prior data demonstrated a

robust correlation between the loss of adipocytes and an elevated risk of cardiomyopathy in murine CD models.17 Specifically, we illus-

trated that the reduction in body fat resulting from adipocyte apoptosis significantly intensifies the pathogenesis of cardiomyopathy in

acute and early chronic CD mice.11 These findings suggest that pathological adipocytes play a pivotal role in triggering cardiomyopathy

during the acute and indeterminate stages of CD. However, the molecular mechanisms underlying adipocyte loss and its impact on the

myocardium and its cells, such as cardiomyocytes, fibroblasts, and resident/infiltrated immune cells during infection, have remained un-

clear. In particular, whether adipocyte-derived adipomes can impact myocardial functioning and regulate cardiomyopathy has never

been investigated. In this study, we aimed to address these questions using various in vitro, ex vivo, and in vivo models. Our findings reveal

that: (i) T. cruzi infection induces adipocyte apoptosis and increases the release of adipomes that interact with various cell types, including

cardiomyocytes and immune cells; (ii) Adipomes derived from AT of T. cruzi-infected mice carry distinct lipid cargoes compared to adi-

pomes derived from uninfected mice and regulate the expression of immune and metabolic genes in cardiomyocytes, macrophages,

and fibroblasts, which are the major cell populations found in the myocardium during infection; and (iii) Plasma-derived infection-associ-

ated large adipomes (P-ILA) increase the risk of the pathogenesis of cardiomyopathy by inducing ER stress and impaired mitochondrial

oxidative phosphorylation, leading to inflammation-associated cardiomyopathy in uninfected mice and apoptosis-associated cardiomyop-

athy in post-acute CD mice. Specifically, our study showcased that P-ILA treatment triggers mitochondrial dysfunction and fosters arrhyth-

mogenic b-AR signaling in primary cardiomyocytes. Furthermore, intracardiac P-ILA treatment was shown to induce the chronic manifes-

tation of arrhythmic cardiomyopathy in post-acute Chagas disease (CD) mice. Another significant advancement in our study is the

development of an innovative method for isolating adipomes directly from mouse plasma and AT, which enabled the subsequent char-

acterization of their lipid contents and functional analysis.

CD has two stages: acute and chronic, the latter of which includes asymptomatic and symptomatic stages. Although the predominant clin-

ical manifestations of CCM typically include dilated cardiomyopathy, congestive HF, arrhythmias, and cardio embolism, some patients also

exhibit features reminiscent of hypertrophic cardiomyopathy.4 In murine models of CD, the alteration of cardiac morphology presents differ-

ently in the acute and chronic stages of infection, mimicking the spectrum of CCM pathogenesis seen in patients. Mice with acute infection

demonstrate enlarged right ventricular internal diameter (RVID) associated with LV wall thickening, resembling hypertrophic inflammatory

cardiomyopathy.68 Conversely, mice with late chronic infection exhibit increased RVID and LVID with wall thinning and decreased ejection

fraction (EF%), resembling dilated cardiomyopathy with HF pre-symptoms.11 We demonstrated that a loss of adipocytes influences the path-

ogenesis of cardiac CD using both acute and asymptomatic mice.11 While in this study we utilized adipomes associated with acute T. cruzi

infection to illustrate the impact of fat cell loss on hypertrophied cardiomyopathy development, these results represent a significant advance-

ment in our general understanding of the intricate interplay among T. cruzi infection, adipocyte-derived adipomes, andmyocardial function. It

also offers valuable insights into the mechanisms likely disrupting immune and metabolic processes, thereby contributing to the pathogen-

esis of chronic cardiomyopathy in CD.

T. cruzi and other pathogens exploit AT to persist in a nutrient-rich environment and evade the immune system.11,68–78 T. cruzi lacks

cholesterol biosynthesis enzymes and depends on host cholesterol, making cholesterol-rich adipocytes a preferred host cell type for in-

vasion.19 In a previous in vivo study, we showed that T. cruzi infection induces oxidative stress and cell death in AT of infected mice.11

However, previous studies did not determine whether apoptosis and/or necrosis of adipocytes were directly initiated by T. cruzi infection

or indirectly triggered by immune cell-induced lipolysis in AT. In the current study, by utilizing human and murine cell lines of cultured

adipocytes (in the absence of immune cells), we observed that the T. cruzi infection of cultured adipocytes induces apoptosis at 72 h

post-infection. It is likely that after 96 h post-infection, T. cruzi-infected cultured adipocytes undergo necrotic cell death due to the egres-

sion of trypomastigotes after intracellular replication.79 Adipocyte apoptosis may be a crucial phenomenon in Chagas infection during the

asymptomatic stage. We have previously demonstrated that parasites persist in AT during the indeterminate and chronic stages of infec-

tion.17 During the asymptomatic stage, parasites do not vigorously replicate and establish a symbiotic relationship with host cells.
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However, the presence of the parasite in AT affects adipocyte physiology, leading to elevated lipolysis,26 whereas impaired lipolysis is a

potent trigger of adipocyte apoptosis.80,81 Apoptosis is known to generate apoptotic bodies (membrane-bound EVs carrying valuable bio-

logical information) as well as other EVs, including microvesicles and exosomes.31–33,82 Unlike EVs derived from other cell types, adipocyte-

derived adipomes, including ApoBDs, contain large amounts of lipid metabolites alongside proteins and genetic material,83,84 distinguish-

ing them as a unique subset of EVs.

In the current study, we found compelling evidence that AT of acutely infected mice releases significantly higher levels (approximately

10-fold) of large EVs, including apoptotic bodies, compared to uninfected mice. Building on this discovery, we further isolated and char-

acterized both large and small adipomes to analyze their functions in detail ex vivo. Most previous studies of adipocyte-derived EVs used

EVs from cultured adipocytes or ex vivo cultured adipocytes.21,22 In contrast, here we describe the first successful isolation of intact adi-

pomes directly from mouse AT in its localized microenvironment using adiponectin as a surface marker, thus excluding EVs generated by

non-adipocyte cells present in AT. We also identified distinct lipid cargoes specific to the origin and pathological condition of adipocytes.

Infection-associated large adipomes (ILA) enriched with ceramides, sphingomyelins, and hexosylceramides have the potential to enhance

the intracellular accumulation of sphingolipids and their derivatives in target cells, such as cardiomyocytes, fibroblasts and macrophages.

This process could lead to heightened cardiotoxicity and the development of lipotoxic cardiomyopathy.85–88 Moreover, excessive ceram-

ides and triglycerides in macrophages can lead to macrophage apoptosis.89 Intracellular lipid accumulation also affects mitochondrial

functions in fibroblasts and skeletal muscle.90–92 Our ex vivo data reveal that adipocyte-derived adipomes can regulate lipogenic/adipo-

genic, mitochondrial oxidative phosphorylation, and inflammatory signaling in target cells. Although our analysis showed subtle changes in

mRNA expression between the target cells treated with different types of adipomes (CLA, ILA, CSA, and ISA), it is crucial to emphasize that

the data underscore the regulatory impact of all adipomes on gene expression in target cells. Additionally, it is important to note that the

ratio between adipomes and target cells, as well as the exposure time, may vary under physiological and pathological conditions in vivo.

Moreover, while adipomes from uninfected mice exhibited similar effects, those from infected mice had a higher proportion of

L-adipomes, resulting from adipocyte apoptosis during infection. This observation is highly relevant to the pathogenesis of cardiomyop-

athy in CD.

Our in vitro, ex vivo, and in vivo data reveal that adipomes regulate mitochondrial gene expression in macrophages, influencing the

polarization of these cells. Ex vivo data demonstrates that adipome-treated macrophages exhibit increased mitochondrial gene expres-

sion, suggesting a shift toward oxidative phosphorylation, potentially promoting M2 polarization and anti-inflammatory signaling,93

which may aid parasite persistence in the host. In vivo data showed no significant increase in the levels of pro-inflammatory cytokines

(either TNFa or IFNg) in the hearts of adipome-treated mice, although there was a significant increase in the infiltration of macrophages

compared to vehicle-treated mice. These findings highlight the complex role of AT and adipomes in CD-related cardiac inflammation

and remodeling. Contrary to our findings in fibroblast cells and macrophages, AT-derived adipomes from T. cruzi-infected mice did not

affect adiponectin gene expression in cardiomyocytes. Instead, they increased the expression of lipogenic genes such as Pparg,

Srebp1a, and Srebp1c. High levels of Srebp1c in cardiomyocytes could lead to increased mitochondrial oxidative phosphorylation,

potentially causing lipotoxicity, oxidative stress and cell death.94 Elevated oxidative phosphorylation produces ROS, inducing Tnfa

expression to mitigate cellular toxicity.46 Adipomes also induced the expression of inflammatory genes such as Tnfa and Ifng in cardi-

omyocytes. The endogenous production of Tnfa in cardiomyocytes promotes a predominantly pro-inflammatory response and results in

apoptosis.95,96

Interestingly, our ex vivo and in vivo data reveal a different mechanism of lipotoxicity induced by adipome treatment in primary cardio-

myocytes and the hearts of uninfected and infected mice. In primary cardiomyocytes, adipome treatment increased the expression of genes

involved in adipogenic/lipogenic, mitochondrial oxidative, and inflammatory signaling that could lead to lipotoxicity and ROS-induced cell

death. We observed some similarities in mRNA expression in primary cardiomyocytes to protein expression in P-ILA-treated hearts in unin-

fected mice, where the protein levels of lipogenic/adipogenic (perilipin, SREBP-1, adiponectin), mitochondrial oxidative phosphorylation

(HSP60), and inflammatory (TNFa) signaling markers were significantly increased. In contrast, in the hearts of post-infected mice, P-ILA treat-

ment increased lipid hydrolysis but significantly reduced the protein levels of mitochondrial oxidative phosphorylation function markers,

potentially promoting apoptosis-induced cell death, as indicated by increased levels of cleaved caspase in the heart. It is essential to acknowl-

edge, however, that the regulatory effects observed in cell lines or primary cells in vitro may differ from those observed in in vivo studies of

whole animals. Such discrepancies could be due to various factors, including hormones, the presence of different immune cell populations,

and metabolic regulators, all of which contribute to myocardial function.

Acute T. cruzi infection induces myocarditis with hypertrophy and fibrosis in both mice and humans. Cardiac remodeling, a crucial process

during the asymptomatic phase of CD, involves the replacement of dead cardiomyocyteswith fibroblasts and the resolution of pro-inflammatory

immune responses, contributing to the remodeling phenomenon. However, instances of chronic cardiomyopathy have been observed in pa-

tients with acute CD,4 and the cause for this early response is not fully understood. Our in vivo data suggests that adipomes can impact the

myocardium through either paracrine or endocrine effects during any stage of infection, depending on the pathological status of AT. For

example, adipomes released from pericardial fat might exert a paracrine effect, while circulating adipomes could exert an endocrine effect in

the myocardium, directly interacting with cardiomyocytes and fibroblasts. This interaction could induce the infiltration of immune cells, inflam-

mation, adipogenesis, mitochondrial dysfunction, and ER stress in themyocardium, leading to cardiomyopathy.9–11 Cardiac fat plays a significant

role in regulating metabolic functions and myocardial inflammation.97,98 We have observed that pericardial fat disappears in acute T. cruzi-in-

fected mice (Figure S2A), emphasizing its role in myocarditis and ventricular enlargement in CD. Adipocyte-specific hormone adiponectin
18 iScience 27, 109672, May 17, 2024
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upregulates AMPK signaling in themyocardium, which is essential for cardiovascular functions,99,100 but its overexpression in Chagas mice leads

to adverse effects, such as increased adipogenesis, lipotoxicity, andmitochondrial dysfunction.8 During the loss of healthy adipocytes, cardiac fat

may not express sufficient hormones to regulate heartmuscle cells, while adipomes frompathological adipocytesmay influencegeneexpression

in the heart. Our results demonstrate that adipome treatment increases adiponectin expression in fibroblasts andmacrophages, which is further

supported by the in vivo data showing that treatment with P-ILA elevates cardiac adiponectin levels (Figure 9A).

Our in vivo data demonstrate the functional role of P-ILA in elevating the risk and severity of the chronic form of cardiomyopathy in

post-acute CD mice, associated with mechanisms involving lipid hydrolysis, impaired mitochondrial oxidative phosphorylation, ER

stress, and apoptosis. In P-ILA-treated uninfected mice, the risk of cardiomyopathy is associated with mechanisms such as lipogen-

esis/adipogenesis and inflammation, similar to what we observed in adipome-treated primary cardiomyocytes. However, elevated

b-AR signaling, and ER stress were observed in the hearts of both uninfected and infected mice treated with P-ILA. Previously, we

demonstrated that the inhibition of ER stress improves cardiac morphology and functioning in chronic CD mice.9 It has been shown

that ER stress leads to apoptosis, inflammation, and cardiac hypertrophy.101,102 Additionally, chronic b-AR stimulation induces ER

stress.47 It has also been shown that ER stress causes an increase in IL6.103,104 Our data suggest that the increase in IL6 in the hearts

is induced via ER stress in infected mice, which is exacerbated by P-ILA treatment. The chronic elevation of b1-AR in the heart is asso-

ciated with cardiac hypertrophy and ventricular remodeling.105–107 Our comprehensive analysis, spanning in vitro, ex vivo, and in vivo

studies, underscores the regulatory impact of adipomes on b-AR signaling, and heightened b-AR signaling has been implicated as a

potential precursor to arrhythmias.67 Chagas heart disease, recognized as an arrhythmogenic cardiomyopathy, is characterized by atrial

and ventricular arrhythmias, as well as a spectrum of conduction system abnormalities.5 While arrhythmias commonly manifest in chronic

patients with dilated cardiomyopathy, instances of hypertrophied cardiomyopathy have also been documented in Chagas dis-

ease.108,109 Mitochondrial dysfunction promotes cardiac arrhythmias,48–50 and our data demonstrate that P-ILA treatment in cardiomyo-

cytes causes mitochondrial dysfunction and increases b-AR signaling. Our research further establishes elevated levels of ANP in the

hearts of P-ILA-treated mice, adding another marker indicative of Chagas cardiomyopathy in both uninfected and infected mice. These

compelling observations prompt the need for additional investigations to delve deeper into the functional role of adipomes in the intri-

cate pathogenesis of chronic Chagas cardiomyopathy.

Our current study delves into the role of AT- and plasma-derived adipomes in the pathogenesis of cardiomyopathy. The myocardium can

be regulated by exosomes derived from various cell types,110,111 including exosomes produced by T. cruzi.112 Studies have demonstrated that

T. cruzi-derived EVs exert immunomodulatory effects with potential applications in CD treatment.112,113 A noteworthy aspect of our study is

the development ofmethods to isolate intact tissue-derived and circulating adipomes frommice.While several studies have used EVs derived

from cultured or ex vivo adipocytes,22,114,115 our research provides a valuable resource for isolating intact adipomes directly from organs and

tissues to explore their functional role in various diseases. Further studies are essential to unravel the molecular mechanisms regulated by

adipomes in the heart during the transition from chronic asymptomatic to symptomatic CD. Such investigations may uncover potential ther-

apeutic targets to prevent the progression of dilated cardiomyopathy and heart failure.
Limitations of the study

Themajority of our ex vivo data relies on gene expression analysis rather than protein assessment. Specifically, the gene expression data from

cardiomyocytes treated with adipomes revealed an increased expression of genes associated with mitochondrial oxidative phosphorylation

that could relate to oxidative stress-induced mitochondrial dysfunction. The intricate interplay between these regulatory effects and their ul-

timate impact on cardiomyopathy in primary cell culture needs to be further explored. Our study did not incorporate other infection models

for comparison with T. cruzi infection. Therefore, we do not know whether the described findings are specific to T. cruzi infection. We did not

assess whether adipomes carry T. cruzi-specific pathogen-associatedmolecular patternmolecules (PAMPs).While we utilized adipomes asso-

ciated with acute T. cruzi infection to illustrate the impact of fat cell loss on hypertrophied cardiomyopathy development in this study, future

studies are necessary to comprehensively evaluate how adipomes associated with chronic T. cruzi infection exert their regulatory influence on

gene expression in target cells. Such investigations are crucial for a more nuanced understanding of the cellular and molecular events that

contribute to the pathological processes associated with adipomes, particularly in the context of cardiomyopathy.
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Rabbit Polyclonal Anti-Adiponectin BioVision Cat#5901-250; RRID: AB_442498

Rabbit Monoclonal Anti-Fabp4, Biotin

Conjugated

Signalway Antibody Cat#C49511-Biotin; RRID: AB_3095322

Goat Polyclonal Anti-Mouse Fabp4 R&D Systems Cat#AF1443; RRID: AB_2102444

Rat Monoclonal Anti-Fabp4 R&D Systems Cat#MAB3150; RRID: AB_3095323

Rabbit Monoclonal Anti-Annexin V Abcam Cat#ab108194; RRID: AB_10863755

Rabbit Polyclonal Anti-Annexin V Cell Signaling Technology Cat#8555; RRID: AB_10950499

Rabbit Monoclonal Anti-Caspase-7 Cell Signaling Technology Cat#12827; RRID: AB_2687912

Rabbit Monoclonal Anti-Cleaved Caspase-7 Cell Signaling Technology Cat#8438; RRID: AB_11178377

Mouse Monoclonal Anti-Phospho-Perilipin 1 Vala Science Cat#4856; RRID: AB_2909466

Rabbit Polyclonal Anti-Perilipin 1 Thermo Fisher Scientific Cat#PA5-72921; RRID: AB_2718775

Rabbit Polyclonal Anti-b1-Adrenergic

Receptor

Cell Signaling Technology Cat#12271; RRID: AB_2797865

Mouse Monoclonal Anti-CHOP Cell Signaling Technology Cat#2895; RRID: AB_2089254

Rabbit Polyclonal Anti-TNF-a Cell Signaling Technology Cat#3707; RRID: AB_2240625

Rabbit Polyclonal Anti-IFNg Bioss Cat#bs-0480R; RRID: AB_10857066

Mouse Monoclonal Anti-IL6 Proteintech Cat#66146-1-Ig; RRID: AB_2881543

Rat Monoclonal Anti-F4/80 Novus Biologicals Cat#NB600-404; RRID: AB_10003219

Rabbit Polyclonal Anti-SREBP1 Abcam Cat#ab28481; RRID: AB_778069

Mouse Monoclonal Anti-PPARa Thermo Fisher Scientific Cat#MA1-822; RRID: AB_2165745

Rabbit Monoclonal Anti-SDHA Cell Signaling Technology Cat#11998; RRID: AB_2750900

Rabbit Monoclonal Anti-Cytochrome c Cell Signaling Technology Cat#4280; RRID: AB_10695410

Rabbit Monoclonal Anti-COX IV Cell Signaling Technology Cat#4850; RRID: AB_2085424

Rabbit Monoclonal Anti-HSP60 Cell Signaling Technology Cat#12165; RRID: AB_2636980

Rabbit Monoclonal Anti-BiP Cell Signaling Technology Cat#3177; RRID: AB_2119845

Rabbit Monoclonal Anti-Phospho-eIF2a Cell Signaling Technology Cat#3398; RRID: AB_2096481

Rabbit Monoclonal Anti-PDI Cell Signaling Technology Cat#3501; RRID: AB_2156433

Rabbit Polyclonal Anti-BNIP3 Cell Signaling Technology Cat#3769; RRID: AB_2259284

Rabbit Polyclonal Anti-ANP Thermo Fisher Scientific Cat#711569; RRID: AB_2662341

Rabbit Polyclonal Anti-b-actin Cell Signaling Technology Cat#4967; RRID: AB_330288

Rabbit Polyclonal Anti-GDI1 Thermo Fisher Scientific Cat#71-0300; RRID: AB_2533970

Horse Anti-mouse IgG, HRP-conjugated Cell Signaling Technology Cat#7076; RRID: AB_330924

Goat Anti-rabbit IgG, HRP-conjugated Cell Signaling Technology Cat#7074; RRID: AB_2099233

Goat Polyclonal Anti-Rat IgG, HRP-conjugated Jackson ImmunoResearch Labs Cat#112-035-003; RRID: AB_2338128

Goat Polyclonal Anti-Mouse IgG,

Alexa Fluor� 488

Thermo Fisher Scientific Cat#A-11001; RRID: AB_2534069

Goat Polyclonal Anti-Rabbit IgG,

Alexa Fluor� 594

Thermo Fisher Scientific Cat#A-11012; RRID: AB_2534079

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Donkey Polyclonal Anti-Goat IgG, Alexa

Fluor� 594

Thermo Fisher Scientific Cat#A-11058; RRID: AB_2534105

Goat Polyclonal Anti-Rabbit IgG,

Alexa Fluor� 488

Thermo Fisher Scientific Cat#A-11008; RRID: AB_143165

Goat Polyclonal Anti-Rat IgG, Alexa Fluor� 488 Thermo Fisher Scientific Cat#A-11006; RRID: AB_2534074

Biological samples

Healthy mice and T. cruzi infected mice heart

tissue

This paper N/A

Healthy mice and T. cruzi infected mice WAT

tissue

This paper N/A

Healthy mice and T. cruzi infected mice plasma This paper N/A

Chemicals, peptides, and recombinant proteins

3T3-L1 Differentiation Medium ZenBio Cat#DM-2-L1

3T3-L1 Adipocyte Medium ZenBio Cat#AM-1-L1

Subcutaneous Preadipocyte Differentiation

Medium

ZenBio Cat#DM-2

Subcutaneous Adipocyte Maintenance

Medium

ZenBio Cat#AM-1

DMEM Corning Cat#10-013-CV

Fetal Bovine Serum, heat inactivated Thermo Fisher Scientific Cat#16140071

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific Cat#15140122

DPBS Thermo Fisher Scientific Cat#14190144

Recombinant Mouse TNF-a BioLegend Cat#718004

Glutaraldehyde 2% Electron Microscopy Sciences Cat#16536-05

TRIzol LS Reagent Thermo Fisher Scientific Cat#10296028

RT2 SYBR Green ROX qPCR Mastermix Qiagen Cat#330523

Cell Lysis Buffer Cell Signaling Technology Cat#9803

Pierce Protease Inhibitor Tablets Thermo Fisher Scientific Cat#A32963

Triton X-100 Thermo Fisher Scientific Cat#85111

PageRuler Plus Prestained Protein Ladder Thermo Fisher Scientific Cat#26619

Scientific SuperSignal West Pico PLUS

Chemiluminescent Substrate

Thermo Fisher Scientific Cat#34580

SuperSignal West Atto Ultimate Sensitivity

Chemiluminescent Substrate

Thermo Fisher Scientific Cat#A38556

Normal Goat Serum (10%) Thermo Fisher Scientific Cat#50062Z

Formalin solution, neutral buffered, 10% MilliporeSigma Cat#HT501128

Hematoxylin QS Counterstain Vector Laboratories Cat#H-3404-100

VECTASHIELD HardSet Antifade Mounting

Medium

Vector Laboratories Cat#H-1400-10

Cell-Tak Corning Cat#354240

Seahorse XF DMEM assay medium pack Agilent Cat#103680-100

Hoechst 33342 Solution Thermo Fisher Scientific Cat#62249

Critical commercial assays

ExoQuick ULTRA EV Isolation Kit for Tissue

Culture Media

System Biosciences Cat#EQULTRA-20TC-1

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ExoQuick ULTRA EV Isolation Kit for Serum and

Plasma

System Biosciences Cat#EQULTRA-20A-1

Thrombin Plasma Prep System Biosciences Cat#TMEXO-1

Basic Exo-Flow Capture kit System Biosciences Cat#CSFLOWBASICA-1

ExoQuick-TC System Biosciences Cat#EXOTC10A-1

EXOCET Exosome Quantitation Kit System Biosciences Cat#EXOCET96A-1

RNeasy Mini Kit Qiagen Cat#74106

miRNeasy Mini Kit Qiagen Cat#217004

RT2 First Strand Kit Qiagen Cat#330404

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225

Pierce Micro BCA Protein Assay Kit Thermo Fisher Scientific Cat#23235

VECTASTAIN Elite ABC-HRP Kit, Peroxidase

(Rabbit IgG)

Vector Laboratories Cat#PK-6101

ImmPACTDAB Substrate Kit, Peroxidase (HRP) Vector Laboratories Cat#SK-4105

Seahorse XF Cell Mito Stress Test Kit Agilent Cat#103015-100

Experimental models: Cell lines

Mouse: 3T3-L1 Preadipocytes ZenBio SP-L1-F

Human: Subcutaneous Preadipocytes ZenBio SP-F-1

Human: HFF-1 cells ATCC SCRC-1041

Mouse: RAW 264.7 macrophages ATCC TIB-71

Mouse: Cardiomyocytes Celprogen Cat#11041-14

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory RRID:IMSR_JAX:000664

Oligonucleotides

See Table S5 for the primer sequences This paper N/A

Software and algorithms

ImageJ Schneider et al.116 https://imagej.net/ij/

Spectradyne Data Viewer Spectradyne https://nanoparticleanalyzer.com/dlhidgen3/

Vevo LAB 5.8.2 FUJIFILM VisualSonics https://www.visualsonics.com/product/

software/vevo-lab

RT2 qPCR Assay Data Analysis 1808

Spreadsheet

Qiagen https://www.qiagen.com/us/resources/

resourcedetail?id=e08404c0-31e5-4e2f-8daf-

c5c651bebf38&lang=en

Image Studio Lite Ver 5.2 LI-COR Biosciences https://www.licor.com/bio/image-studio/

GraphPad Prism Ver 10 GraphPad Software https://www.graphpad.com/

Microsoft Excel Microsoft Corp https://www.microsoft.com/en-us/microsoft-

365/excel

Seahorse Wave Desktop Software Agilent https://www.agilent.com/en/product/cell-

analysis/real-time-cell-metabolic-analysis/xf-

software/seahorse-wave-desktop-software-

740897

MultiQuant 3.0.3 AB Sciex https://sciex.com/products/software/

multiquant-software

MetaboAnalyst 5.0 Pang et al.117 https://www.metaboanalyst.ca/

(Continued on next page)
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Other

Trypomastigotes of Trypanosoma cruzi (Brazil

strain)

Combs et al.17 N/A

Whatman� Puradisc 30 syringe filters MilliporeSigma Cat#WHA10462260

Custom RT2 Profiler PCR Array Qiagen Cat#330171

Seahorse XFe96/XF Pro FluxPak Mini Agilent Cat#103793-100
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jyothi Nagajyothi

(Jyothi.Nagajyothi@hmh-cdi.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request. The lipidomics dataset are provided in Supplemental

Raw Data file.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mammalian cell lines and parasites culturing

Murine 3T3-L1 preadipocytes and Human subcutaneous preadipocytes were purchased from ZenBio. The preadipocytes were differentiated

into mature adipocytes by feeding adipocyte differentiation media (murine: for 3 days; and human: for 7 days) and further maintained in

adipocyte maintenance media purchased from ZenBio until ready to be assayed. Adipocytes were used between 7-14 days (murine) and

14-21 days (human) post-initiation of differentiation. HFF-1 human foreskin fibroblast and RAW 264.7 murinemacrophage cell lines were orig-

inally purchased from American Type Culture Collection (ATCC) andmaintained as an adherent culture in Dulbecco’s Modification of Eagle’s

Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) and 1% penicillin/streptomycin. Adult Mouse Cardi-

omyocytes were purchased from Celprogen and cultured as a monolayer in flasks pre-coated with Adult Mouse Cardiomyocyte Cell Culture

Extra-cellular Matrix. Cardiomyocytes were fed with Cardiomyocyte Primary Cell CultureMedia with Serum and used for the experiment after

18 hours of plating. All the cell lines were cultured andmaintained in a humidified incubator at 37�C and 5% CO2. Trypomastigotes of T. cruzi

(Brazil strain) were propagated in HFF cell line and maintained by serial passage in confluent monolayers of HFF cells in DMEM containing

10% HI-FBS and 1% penicillin/streptomycin.9,118 Trypomastigotes harvested from cell culture supernatants were washed 3 times in cold Dul-

becco’s phosphate-buffered saline (DPBS) without Calcium and Magnesium by centrifugation, counted and resuspended in warm DPBS at

105 parasites per mL and used for in vitro and in vivo infection experiments.

T. cruzi infection in vitro

Cultured murine and human adipocytes were infected with tissue culture-derived trypomastigotes of T. cruzi (Brazil strain) at a multiplicity of

infection (MOI) of 3:1.10,17 24 hours post infection, infected cells were washed twice with warmDPBS to remove excess, unbound parasites and

replenished with fresh culture media and incubated for additional 48 hours. Two separate sets of cultured adipocytes (both murine and hu-

man) were also included: one set served as uninfected control and the other set was treated with 10ng recombinant TNFa for 48 hours to

induce apoptosis. At the experimental end points, the conditioned media (cell culture supernatant) from uninfected, TNFa-treated and

T. cruzi infected groups of both murine and human adipocytes were collected for adipome isolation. The cells were harvested separately

for protein (murine) and mRNA (human) analysis.

Murine model of acute Chagas disease

As males are more prone to develop Chagas cardiomyopathy, only male mice were used in this study. Male C57BL/6J mice, 6-7 weeks old

(n=8), were infected intraperitoneally (i.p.) with 1x104 tissue culture-derived T. cruzi trypomastigotes.11 A separate group of age- and sex-

matched uninfectedmice (n=8) were included as controls. Mice were housed at CDI animal research facility in sterilized filter top cages under

12-h light-dark cycle and humidity and temperature-controlled conditions. All animals had ad libitum access to water and rodent chow.
28 iScience 27, 109672, May 17, 2024

mailto:Jyothi.Nagajyothi@hmh-cdi.org


ll
OPEN ACCESS

iScience
Article
Animals were routinely monitored for signs of illness for the entire duration of the study. At 20 days post infection (DPI), both infected and

uninfected control mice were euthanized and tissues including heart, visceral fat pads (epididymal white adipose tissue) were harvested along

with terminal blood collection.11,119,120 The experiment was repeated to isolate required amount of adipomes for the functional studies. All

animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals

with approval from the Institutional Animal Care and Use Committee (protocol #282) of Center for Discovery and Innovation (CDI) - Hacken-

sack University Medical Center.
METHOD DETAILS

Adipome isolation and functional analysis

In vitro adipocytes-derived adipomes

Adipomes released by cultured adipocytes were isolated using ExoQuick-TC Ultra EV isolation kit. The conditioned media from murine and

human adipocytes (uninfected, TNFa-treated, T. cruzi infected groups) were centrifuged at 3,000 x g for 20 minutes to remove parasites

and cellular debris and the supernatants were transferred to new tubes. Additionally, the supernatants were passed through a 1.2 mm

syringe filter to remove any parasite contamination in samples. ExoQuick-TC exosome precipitation solution was added to the clarified su-

pernatants at 1:5, mixed thoroughly by inverting the tubes and incubated overnight at 4�C. The samples were then centrifuged at 3,000 x g

for 10 minutes to pellet the precipitated EVs. The EV pellets were resuspended and purified by passing through the size exclusion chroma-

tography (SEC) columns provided in the kit following manufacturer’s instructions. These purified adipomes were treated on HFF (with

human adipocytes-derived adipomes) and RAW (with murine adipocytes-derived adipomes) cells at 1:1 and 1:50 (cell to adipome ratio)

for 48 hours and the cells were harvested for mRNA analysis. The adipome numbers were calculated based on the Spectradyne nCS1

measurements.

In vivo white adipose tissue (WAT)-derived adipomes

Adipomes fromWATwere isolated and enriched using a combination of ExoQuick-TCUltra EV isolation kit and Basic Exo-FlowCapture kit as

follows. The WATs from infected and uninfected mice were processed separately inside the biosafety cabinet. The harvested tissues were

placed in a 12-well plate and gently dissociated in presence of 500 mL cold 1x PBS (sterile) using sterile forceps and scalpel to liberate EVs

present in the intercellular spaces. Upon dissociation, the biofluid was passed through 70 mm cell strainer to remove large chunks of tissue

and flushed with additional 500 mL of cold PBS. The biofluid was then centrifuged at 500 x g for 10 mins to remove cell debris at 10�C. The
supernatant was transferred to a new tube and re-centrifuged at 21,000 x g for an hour at 10�C. After completion of the spin, the supernatant

was carefully transferred again to a new tube without disturbing the pellet and/or the white precipitates smeared on the inner sides of the

tube, if using fixed-angle rotor. The pellet/precipitate was resuspended in 250 mL PBS. Then, the ExoQuick-TC exosomeprecipitation solution

was added to both the resuspended pellet and supernatant fraction at 1:5, mixed thoroughly by inverting the tubes and incubated overnight

at 4�C. On the following day, the samples were centrifuged at 3,000 x g for 10minutes to pellet the precipitated EVs and further purified using

the SEC columns as detailed above. The EVs from resuspended pellets were referred as large-EVs (L-EV) while the supernatant derived EVs

were referred as small-EVs (S-EV). Next, L-adipomes and S-adipomes were enriched from L-EV and S-EV, respectively utilizing adipocytes-

specific antibody cocktail (0.5 mg/assay biotinylated mouse adiponectin antibody and 0.5 mg/assay biotinylated mouse FABP4 antibody)

and magnetic streptavidin 9.1 mm Exo-Flow bead system following manufacturer’s instructions with slight modification to improve recovery.

Adipomes enriched from control uninfected L-EV and S-EV were referred as CLA and CSA, respectively. Whereas adipomes from infected

L-EV and S-EV were referred as ILA and ISA, respectively. Washed bead-bound adipomes were sent for lipidomics analysis (Georgetown Uni-

versity Metabolomics Center). The protein frommagnetic bead bound adipomes were extracted directly by on-bead lysis (using 0.25% Triton

X-100 followed by sonication and used for method validation by western blot and qPCR analyses. The eluted adipomes were reprecipitated

with ExoQuick-TC precipitation buffer for 2 hours at 4�C to remove the elution buffer, centrifuged at 3,000 x g for 20 minutes at 10�C, resus-
pended in 1x PBS and used for adipome characterization (size, distribution, concentration TME) and functional analyses in murine RAWmac-

rophages and primary cardiomyocytes.

Plasma-derived adipomes

Adipomes were isolated from uninfected and T. cruzi infected mice plasma in a similar fashion as described above using ExoQuick Ultra EV

isolation kit for serum/plasmawith the addition of thrombin treatment. Plasma-derived Infection-associated L-adipomes (P-ILA) were injected

to C57BL/6J mice and analyses including Cardiac Ultrasound imaging, histological examination of heart tissue and protein analysis were

performed.
EXOCET assay

The amount of WAT-derived large-EVs and small-EVs were quantified using EXOCET Exosome Quantification kit following manufacturer’s

instructions. The assay measures the activity of Acetyl-CoA Acetylcholinesterase (AChE), an enzyme highly enriched in exosomes.121
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Immunofluorescence analysis

Adipocyte staining

Murine 3T3-L1 adipocytes were grown and differentiated on glass coverslips and treated with 10ng recombinant TNFa for 24 hours. The cells

were fixed overnight with 4% paraformaldehyde for 2 hours, washed three times in PBS and blocked with 10% goat serum for 30 minutes at

room temperature to minimize non-specific adsorption of antibodies. The cells were then stained with a combination of mouse monoclonal

Adiponectin and rabbit monoclonal Annexin V primary antibodies in one set and goat polyclonal FABP4 and rabbit monoclonal Annexin V

primary antibodies in another set for an hour at room temperature. Followed by secondary staining with appropriate Alexa Fluor antibody

combination: Goat anti-mouse IgG Alexa Fluor 488 and Goat anti-rabbit IgG Alexa Fluor 594 for the first set and Donkey anti-goat IgG Alexa

Fluor 594 andGoat anti-rabbit IgG Alexa Fluor 488 for the second set. The coverslips were washed andmountedwith VECTASHIELDHardSet

Antifade Mounting Medium. Samples were then imaged on Nikon Eclipse Ti2 Epi-fluorescence microscopy (Nikon Instruments Inc).

Adipome staining

WAT-derived adipomes were bound to magnetic streptavidin 9.1 mm Exo-Flow beads conjugated to Adiponectin/FABP4 antibody as

detailed in adipome isolation section. The adipome-bound beads were washed twice with PBS and parted in two halves. One fraction

was stained with mouse monoclonal Adiponectin antibody followed by secondary staining with Goat anti-mouse IgG Alexa Fluor 488. The

other fraction was stained with rat monoclonal FABP4 antibody followed by secondary staining with Goat anti-rat IgG Alex Fluor 488. A third

tube containing untouchedmagnetic streptavidin beads alonewas stainedwith amix ofGoat anti-mouse and anti-rat IgGAlexa Fluor 488 and

used as control. The stained beads suspended in PBS were spotted on a glass slide andmounted using coverslip with VECTASHIELDHardSet

Antifade Mounting Medium. The beads were imaged on Nikon Eclipse Ti2 Epi-fluorescence microscopy equipped with a Nikon Plan Fluor

100x/1.30na objective.
Nanoparticle Tracking

Spectradyne nCS1 instrument was used to evaluate the size and concentration of adipocytes-derived EVs/adipomes. Cultured murine and

human adipocytes-derived adipomes were analyzed using C-900 cartridges with a size detection range of 130-900 nm particle diameters.

Whereas, WAT-derived adipomes were analyzed using C-2000 cartridges with size detection range of 250-2000 nm. In all cases, samples

were prepared by mixing 9 mL of purified adipomes with 1 mL of 0.02 mm filtered 10x PBS-T to increase sample conductivity. Out of which,

5 mL samples were loaded onto the cartridges and primed in the instrument using 0.2 mmfiltered 1x PBS-T. Particle acquisition was performed

on continuousmode until count reaches a set stop point of 2000 particles with <2.5% statistical error. The acquired stats files were analyzed for

particle size distribution and concentration (per mL) using Spectradyne Data Viewer software and to generate peak-filtered, background sub-

tracted CSD plots.
Transmission electron microscopy

Transmission electron microscopy (TEM) images of L-adipomes and S-adipomes were obtained at the analytical imaging facility - Albert Ein-

stein College of Medicine. Adipome samples were fixed with 2% Glutaraldehyde in 0.1M Phosphate Buffer and stored at 4�C. 400 mesh, car-

bon only grids were plasma cleaned using a Tergeo-EM Plasma Cleaner (PIE Scientific). Fixed adipome suspension were adsorbed onto grids

for 10 mins and wicked dry. Samples were then negatively stained with 1% aqueous uranyl acetate and viewed on a Tecnai 20 transmission

electron microscope (ThermoFisher Scientific) operating at a voltage of 120 kV. Acquired images were saved in high resolution TIFF

format.122,123
Cardiac ultrasound imaging

Male C57BL/6J mice, 6-7 weeks old (n=6) were treated with P-ILA (1x109 adipomes suspended in 40ul 1x PBS) or vehicle (1xPBS) through ul-

trasound-guided intracardiac injections using a Vevo 3100 preclinical imaging system. Ultrasound-guided injections were performed twice a

week to administer adipomes/vehicle into left ventricle wall.124 Cardiac Ultrasound Imaging of the hearts were performed 4 days after the

second dose of adipome administration.11 In another experiment,mice (n=10) were first infected intraperitoneally with 1x103 trypomastigotes

of T. cruzi.11 Infectedmice were then treated with P-ILA (1x109 adipomes suspended in 40ul 1x PBS) or vehicle (1xPBS) after 35 days post infec-

tion (DPI) by intracardiac injections. A separate group of age- and sex-matched uninfected mice (n=8) were included as controls and treated

with either P-ILA or vehicle. B-mode, M-mode, and pulse wave Doppler image files were collected from both the parasternal long-axis and

short-axis views. Morphometric measurements were determined using the Vevo LAB ultrasound analysis software.
Histological analysis

Mice heart tissues were collected 10 days after the first P-ILA administration. A portion of the freshly isolated tissues were fixed with 10%

neutral-buffered formalin for a minimum of 48 hours and then embedded in paraffin wax. Hematoxylin and eosin and Picrosirius red staining

were performed, and the images were captured.11 Immunohistochemistry (IHC) was performed on the formalin-fixed heart sections using

rabbit polyclonal ANP antibody and rabbit polyclonal TNFa antibody with a dilution of 1:250 and 1:200, respectively, followed by biotinylated

secondary antibody using VECTASTAIN Elite ABC-HRP kit. The sections were then washed and incubated with peroxidase substrate and
30 iScience 27, 109672, May 17, 2024
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counterstained with hematoxylin. Four to six images per section were captured and quantification of DAB positive staining intensity was per-

formed using the image processing and analysis tool ImageJ.
Immunoblotting analysis

Murine 3T3-L1 adipocytes (uninfected, TNFa-treated and T. cruzi infected) were washed twice with cold PBS followed by incubating on ice

with 400 mL of 1x lysis buffer containing Pierce protease inhibitor cocktail for 10 minutes. The cells were then scraped off and transferred to a

sterile tube and sheared by passing through 28G1/2 insulin syringe for ten times. The cell lysates were centrifuged for 20minutes at 14,000 x g

in a cold microfuge and the clarified supernatants were recovered in new tubes. Mice WAT and heart tissues (uninfected, infected, and adi-

pome treated) were homogenized using a handheld homogenizer after adding appropriate volume of 1x lysis buffer with protease inhibitor

cocktail. The homogenates were then incubated on ice for 10 minutes followed by centrifugation and supernatant recovery as mentioned

above. The protein concentration was quantified using Pierce BCA protein quantification kit. 30 mg total protein from each sample were

treated with 2-Mercaptoethanol, reducing agent and heat denatured at 100�C for 5 minutes before resolving on SDS-PAGE. Protein from

cultured adipocytes-derived and WAT-derived adipomes were prepared by lysing the samples with 0.25% Triton X-100 v/v and sonicating

the sample tubes in an ultrasonic water bath for 10 minutes on high frequency setting. Adipome protein concentration was quantified using

Pierce Micro BCA protein assay kit. Samples were reduced, heat denatured and resolved on SDS-PAGE as mentioned earlier. PageRuler Plus

Prestained protein ladder was used as size standards in SDS-PAGE. The proteins were then transferred onto nitrocellulose membrane for

immunoblot analysis. Primary antibodies against Caspase 7, Cleaved Caspase 7, Annexin V, Phospho-Perilipin 1, Adiponectin, Perilipin 1,

FABP4, b1-Adrenergic Receptor, CHOP, TNFa, IFNg, IL6, F4/80, SREBP, PPARa, SDHA, Cytochrome c, COX IV, HSP60, BiP, Phospho-

eIF2a, PDI, and BNIP3 were used to detect the expression of corresponding proteins. b-Actin andGuanosine nucleotide dissociation inhibitor

were used as appropriate control to assess equal protein loading. Horseradish peroxidase (HRP)-conjugated anti-mouse immunoglobulin,

HRP-conjugated anti-rabbit immunoglobulin and HRP-conjugated anti-rat immunoglobulin were used as appropriate secondary antibodies

to detect chemiluminescent signal using SuperSignal West Pico PLUS or SuperSignal West Atto Ultimate Sensitivity substrate on the Invitro-

gen iBright Imaging Systems. All the densitometric analyses of the target protein bands on the immunoblots were analyzed with the Image

Studio lite package Ver 5.2 (LI-COR Biosciences).
RNA extraction and quantitative PCR

Cultured human adipocytes (uninfected, TNFa-treated and T. cruzi infected) and adipomes treated human fibroblasts, RAW macrophages

and murine cardiomyocytes were subjected to total RNA isolation using RNeasy mini kit according to manufacturer’s instructions. 0.5 to

1 mg of total RNA was used for reverse transcription and cDNA synthesis using RT2 First Strand Kit after genomic DNA elimination as per

manufacturer’s instructions. The cDNA samples were diluted at 1:5 and quantitative PCR (qPCR) experiments were performed using RT2

SYBR Green ROX Mastermix following manufacturer’s instructions. All assays were performed on Applied Biosystems QuantStudio 3 Real-

time PCR System according to the following cycling conditions: 10 minutes at 95�C (1 cycle, HotStart DNA Taq Polymerase activation), fol-

lowed by 15 seconds at 95�C and 1 minute at 60�C (40 cycles, PCR amplification and data collection). Dissociation (melting) curve analysis

was added to the run set up by enabling default melting curve program to verify PCR specificity. Data analysis was performed normalized

to the expression of HPRT and/or GAPDH using theDDCTmethod and themRNA expression (fold change) levels were plotted as bar graphs.

Custom RT2 Profiler Real-Time PCR array for mouse genes involved in adipogenesis, lipogenesis, cellular metabolism-specific signaling

molecules and markers of immune and inflammatory responses was used to analyze gene expression in RAW macrophages treated with L-

and S-adipomes of uninfected and T. cruzi infectedmice for 48 hours. Data analysis was performed normalized to the expression of Hprt using

the DDCT method and statistical analysis was performed as suggested using RT2 qPCR Assay Data Analysis 1808 Spreadsheet from

Qiagen.26,68

Total RNA from adipomes were extracted using TRIzol LS reagent and purified using miRNeasy Mini kit following manufacturer’s instruc-

tions. The total yield was used for reverse transcription and cDNA synthesis as mentioned above. PCR was performed with undiluted cDNA

samples to analyze the presence of adipogenic genes, apoptotic and EV-specific marker genes within adipomes. The PCR product was

resolved on 2% agarose gel and imaged using the Invitrogen iBright Imaging Systems.

For quantitative determination of parasite load in P-ILA treated heart, a standard curve PCR was performed using the T. cruzi DNA stan-

dard (ranging from 31.2pg to 0.002pg) along with DNA samples extracted from mice heart tissue.17 Complementary DNA made from RNA

isolated from T. cruzi infected 3T3-L1 adipocytes (as positive control) and P-ILA treated cardiomyocytes were also included in the PCR.
Lipidomics analysis

All LC-MS grade solvents including acetonitrile and water were purchased from Fisher Scientific. High purity formic acid (99%) was purchased

from Thermo Fisher Scientific. EquiSPLASH LIPIDOMIX quantitative mass spec internal standard and 15:0-18:1-d7-PA, C15 Ceramide-d7

(d18:1-d7/15:0) and 18:1 Chol (D7) ester were purchased fromAvanti polar lipids. Internal standard for free fatty acid (FFA), dihydroceramides

(DCER), hexosylceramides (HCER), lactosylceramides (LCER) were purchased from Sciex as Lipidyzer platform kit. This method was designed

to measure 21 classes of lipid molecules which includes diacylglycerols (DAG), chloesterol esters (CE), sphingomyelins (SM), phosphtatidyl-

chloine (PC), triacylglycerols (TAG), free fatty acids (FFA), ceramides (CE), dihydroceramides (DCER), hexosylceramide (HCER), lactosylcera-

mide (LCER), phosphatidylethanolamine (PE), lysophosphtatidylchloine (LPC), lysophosphatidylethnolamine (LPE), phosphatidic acid (PA),
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lysophosphatidic acid (LPA), phosphatidylinositol (PI), lysophosphotidylinositol (LPI), phosphatidylglycerol (PG), acylcarnitines and phospha-

tidylserine (PS) using QTRAP 5500 LC-MS/MS System (Sciex) as detailed below.

The adipomes (CLA, ILA, CSA and ISA) bound to magnetic beads were suspended in 1xPBS (40ul). Repeated freeze thaw cycles followed

by sonication for 30 sec was performed to release the contents of adipome cargoes into suspension. To the above solution, 100 mL of chilled

isopropanol containing internal standards for lipids was added and the samples were vortexed and kept on ice for 20 minutes. Samples were

incubated at -20�C for 20minutes and then centrifuged at 13,000 rpm for 20minutes at 4�C. The supernatant was transferred toMS vial for LC-

MS analysis. 5 mL of each sample was injected onto a Xbridge amide 3.5 mm, 4.6 X 100 mm (waters) using SIL-30 AC auto sampler (Shimazdu)

connected with a high flow LC-30AD solvent delivery unit (Shimazdu) and CBM-20A communication bus module (Shimazdu) online with

QTRAP 5500 (Sciex) operating in positive and negative ion mode. A binary solvent comprising of acetonitrile/water 95/5 with 10 mM ammo-

nium acetate as solvent A and acetonitrile/water 50/50 with 10 mM ammonium acetate as solvent B was used for the resolution. Lipids were

resolved at 0.7 mL/min flow rate, initial gradient conditions started with 100% of solvent A, shifting towards 99.9% of solvent A over a time

period of 3 minutes, 94% of solvent A over a time period of 3 minutes and 25% of solvent A over a period of 4 minutes. Finally, washing

with 100% of B for 6 minutes and equilibrating to initial conditions (100% of solvent A) over a time period of 6 minutes using auto sampler

temperature 15�C and oven temperature 35�C. Source and gas setting were as follow: curtain gas = 30, CAD gas = medium, ion spray

voltage = 5.5 kV in positive mode and �4.5 kV in negative mode, temperature = 550�C, nebulizing gas = 50 and heater gas = 60. The

data were normalized to respective internal standard area for each class of lipid and processed using MultiQuant 3.0.3 (Sciex). The quality

and reproducibility of LC-MS data was ensured using a number of measures. The column was conditioned using the pooled QC samples

initially and were also injected periodically to monitor shifts in signal intensities and retention time as measures of reproducibility and

data quality of the LC-MS data. NIST plasma sample prepared in the same manner was also ran alongside to check for the instrumental vari-

ance. Additionally, blank solvent runs were performed between set of samples to minimize carry-over effects. Lipidomics data were provided

in the form of normalized response which was area under the curve for each metabolite divided by internal standard area. Lipid data was

preprocessed using signal/noise > 20:1 and retention time (RT) tolerance 5 seconds. Analysis yielded 287 reliable features in the adipome

samples under study. The quality of data was monitored based on coefficient of variation (CV) of each lipid in pooled QC samples, the lipids

having CV>20% were filtered off. The figures were generated using MetaboAnalyst 5.0.
Magnetic resonance imaging (MRI)

Cardiac gated MRI was performed on murine model of acute Chagas disease along with uninfected controls using a 9.4T Varian Direct Drive

animal magnetic resonance imaging and spectroscopic system (Agilent Technologies).8,68
Seahorse XF96 cell metabolic analysis

The mitochondrial function of cardiomyocytes upon plasma-derived adipome treatments was assessed by Seahorse XFe96 analyzer, using

the Seahorse XF Cell Mito Stress Test kit. Mouse cardiomyocytes were treated with vehicle, P-CLA, and P-ILA at 1:20 (cell to adipome) ratio

for 48 hours before assessing their mitochondrial function. A day prior to the assay, the adipome treated cells were plated on to a Cell-Tak

coated XFe96 cell culture microplate at a seeding density of 20,000 cells/well, supplemented with cardiomyocyte culture media and incu-

bated overnight at 37�C in 5% CO2 incubator. The XFe96 sensor cartridge was hydrated overnight with sterile water in a humidified non-

CO2 37
�C incubator and then submerged in pre-warmed XF-calibrant for 45–60 min prior to loading drug ports. On the day of the assay,

the cells were supplied with Seahorse assay medium (XF DMEMmedium pH 7.4, 10 mMXFGlucose, 2 mMXFGlutamine, 1 mMXF Pyruvate).

For determination of mitochondrial respiration, 1.5 mMOligomycin, 0.5 mM FCCP, and 0.5 mMRotenone/AA were prepared in assay medium

and added to the ports A, B, and C on the sensor cartridge, respectively. Mitochondrial function was assessed in real time following the in-

jection of Oligomycin, FCCP, and Rotenone/AA according to the default measurement protocol. Data were normalized to nuclear content by

staining the live cells with Hoechst 33342 after the assay and fluorescence cell counting using Biotek Cytation C10. The normalized data was

then exported to the report generator to create graphs.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism Ver 10.0 (GraphPad Software, LLC) or Microsoft Excel (Microsoft Corp). Compar-

isons between groups weremade using Two-WayANOVA and unpaired Student’s t-test as appropriate for western blotting data analysis. For

custom RT2 Profiler array, the analysis was performed using Qiagen RT2 qPCR Assay Data Analysis 1808 Spreadsheet and the p values were

calculated based on Student’s t-test. Fold-regulation (up or down) was plotted on Microsoft Excel. Statistical analysis of other qPCR exper-

iments was performed using Microsoft Excel and the comparisons between the groups were analyzed using unpaired Student’s t-test. Sig-

nificant differences were reported for p values between % 0.0001 and < 0.05 with symbols (*/#) as appropriate. Data represent means G

S.E.M. For lipidomics, statistical analysis between the groups was done using MetaboAnalyst 5.0.
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