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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.H. Lash Hemozoin (HZ) is a waste product of hemoglobin digestion by Plasmodium and has been implicated in several

pathological processes, including inflammation, oxidative stress, endothelial dysfunction, and immune dysre-

Keywords: gulation. Studying the effects of HZ on the human placenta is essential to understanding the impact of malaria
HemOZOIin infection during pregnancy. The present study explored the impact of HZ produced by Plasmodium and p-he-
ﬁ,}:f;ztm matin, referred to here as natural HZ (nHZ) and synthetic HZ (sHZ), respectively, on human placental explants
Placenta exposed in vitro.

Plasmodium Methodology: nHZ was derived from Plasmodium falciparum cultures and isolated using magnetic MACS® Sepa-
Falciparum ration Columns (Miltenyi Biotec, Auburn, CA) [1]. sHZ was synthesized from hemin closure in an aqueous so-

lution. Both nHZ and sHZ were characterized by infrared spectroscopy and scanning electron microscopy.
Human placental explants (HPE) were exposed to 5 and 10 pg/mL of nHZ and sHZ for 24 h, and tissue integrity
was studied using histological and immunohistochemical techniques.

Results: The studies have demonstrated that the exposition of both the nHZ and sHZ to placental tissue are
comparable and cause effects in increased STB detachment, dysregulation of collagen distribution in the villous
stroma, and increase in the frequency of cell apoptosis. This contributes to the understanding of the patho-
physiology of malaria in pregnancy using synthetic products such as p-hematin.

1. Introduction

Malaria is a parasitic disease that affects millions of people every
year and causes more than 608,000 deaths globally in 2022 [2]. Malaria
is caused by parasites of the Plasmodium genus that infect and multiply
in red blood cells (RBCs). These parasites use hemoglobin as a source of
nutrients and produce hemozoin (HZ), also known as malaria pigment,
an insoluble, undegradable, and iron-containing waste product of he-
moglobin (Hb) digestion [3,4].

The parasites ingest Hb from the cytoplasm of RBC through endo-
cytosis via the cytostome. In the digestive vacuole (DV), an acidic
lysosome-like organelle induces the proteolysis of Hb, releasing heme-
containing ferrous iron (Fe2"), which instantaneously oxidizes to
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highly toxic heme-containing ferric iron (Fe3™), harmful to the parasite
[5]. The parasite modifies the heme released by Hb catabolism, con-
verting dimers of hematin into the inert crystals of HZ to reduce the toxic
effects of free heme. This process is necessary for the survival of Plas-
modium parasites. Drugs that interfere with crystal formation have been
highly effective in treating malaria [5,6].

HZ is released during schizogony, and after RBC rupture, the con-
centration of HZ in the bloodstream may be as high as 100 pg/mL [7],
quickly removed from circulation by the liver and spleen. There are
conflicting reports regarding whether HZ contributes to the systemic
inflammatory responses during malaria infection. These discrepancies
may be due to differences in experimental setups, such as the use of
natural (nHZ) or f-hematin-synthetic HZ (sHZ), variation of methods
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used to isolate nHZ, use of varying concentrations of HZ preparations,
and technical limitations of HZ generation and isolation methods [4,8].

As the infection progresses, HZ can accumulate and be observed
within several organs, including the spleen, liver, bone marrow, lungs,
brain, and placenta. HZ has both pro- and anti-inflammatory properties,
and its accumulation in tissues has been correlated with disease severity
[4,8]. Furthermore, since HZ is resistant to degradation, the duration of
its pathological effects remains unknown and could extend beyond
parasite clearance [4].

Several biomolecules have been described as interacting with HZ,
such as lipids, parasitic DNA, fibrinogen, and red blood cell membranes.
However, it is unknown whether the immune activation induced by HZ
is due to the HZ itself or the various biomolecules binding to the mol-
ecule’s surface [9]. A significant effect previously described of HZ is its
role as a direct inducer of apoptosis in malaria pathogenesis, without
any host or parasitic contamination (leukocytes, platelets, parasite DNA)
[10]. Data support that HZ can directly contribute to the induction of
apoptosis in neurons and astrocytes in cases of cerebral malaria [10]. In
the same way, additional components to HZ, such as the heme group
released during the cellular lysis of the erythrocytic cycle of Plasmodium,
have been described to not only significantly induce cellular apoptosis in
trophoblast cells but also hinder the fusion of these cells, which would
be related to the malfunction of placental tissue during gestation [11].

Accumulation of HZ in human tissues has been frequently studied in
the placenta of pregnant women with malaria, as the organ is accessible
after delivery. The presence of HZ, infected RBCs, and inflammatory
immune cells from the mother contribute to adverse effects of malaria
during pregnancy, such as low birth weight (LBW), intrauterine growth
retardation (IUGR), preterm delivery (PT) and miscarriage [12,13].
Histological observations of the placenta have shown that HZ accumu-
lates in maternal phagocytic cells, fibrin deposits within the maternal
blood space, and the chorionic villi. The presence of HZ is often used to
determine the stage of the placental infection [13]. Acute active in-
fections refer to infected RBCs in the tissue, while chronic active in-
fections indicate the presence of both infected RBCs and HZ. Due to the
ability of HZ to persist in the tissue even after infections have been
resolved, past placental infections refer to the presence of only HZ de-
posits [14].

The syncytiotrophoblast (STB) that cover placental villi respond
actively to HZ by producing inflammatory mediators such as cytokines
and chemokines and inducing the activation of and chemotaxis of pe-
ripheral blood mononuclear cells toward syncytium [15]. Since the in-
flammatory response is associated with adverse effects such as LBW and
IUGR [16-18]. Despite the advances described so far in the study of HZ,
there is limited information about the direct impact of HZ on placental
tissue due to several challenges. A significant difficulty lies in dis-
tinguishing, in vivo, the effects of the entire parasite from those of iso-
lated HZ, as they interact in complex ways during infection. Moreover,
investigating the direct effects of HZ on placental tissue accounting for
the human cells present in the intervillous space poses significant
methodological challenges. Furthermore, few studies compare the
impact of nHZ, which may include parasite components, with sHZ,
which lacks such components, on human placental tissue. This gap in
research limits the understanding of how HZ directly affects placental
structure and function. It is plausible to suggest that the accumulation of
HZ contributes to the pathogenic effects of placental malaria. However,
little is known about the direct impact of this crystal on placental tissue
integrity. The present study aims to investigate the impact of nHZ and
sHZ on human placental explants in vitro.

sHZ represents a valuable tool in malaria research due to its ability to
mimic the structural and biological properties of nHZ. Several studies
have demonstrated the utility of sHZ in elucidating mechanisms of host-
parasite interactions [19]. For instance, sHZ has been used to study the
activation of innate immune pathways, including Toll-like receptor 9
(TLR9)-mediated signaling [20]. Using sHZ offers several advantages
over nHZ, including eliminating the need for parasite cultures, reducing
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experimental costs, and ensuring greater reproducibility in assays.
Furthermore, minimizes the variability associated with nHZ, which may
contain parasite-derived contaminants. These factors make sHZ a prac-
tical alternative for studying the biological effects of HZ.

2. Materials and methods
2.1. Culture of parasite and isolation of natural hemozoin

The FCB1 strain of P. falciparum was cultured in A+ erythrocytes up
to 5-6 % parasitemia with mature stages predominant in culture, at 5 %
hematocrit in RPMI medium supplemented with human serum as
described previously [21]. The culture was checked weekly for Myco-
plasma contamination by PCR. Natural HZ produced in cultures were
isolated by exploiting its magnetic properties.

The P. falciparum cultures were centrifuged, and the pellet was
washed once in RPMI medium and suspended at a hematocrit of
~ 2-3 %. The RBC suspension was subjected to three cycles of freezing at
—4°C and thawing at 37°C for 10 min each to lyse RBCs. The lysed RBC
suspension was loaded onto an LS column (Miltenyi Biotec, Auburn, CA)
and placed in the MACS separator. The magnetic field allowed the free
HZ to be purified due to Hz retention [1]. The column was washed with
PBS and removed from the magnetic field, and the HZ was eluted in
distilled water and centrifuged at 4000 rpm. The supernatant was dis-
carded, and the HZ precipitate was dried in an oven at 37°C until all
moisture was eliminated. Once dry crystals were obtained, they were
weighed, and working solutions were prepared at concentrations of
5 pg/mL and 10 pg/mL. These concentration choices for both nHZ and
sHZ experiments were selected based on preliminary studies and rele-
vant literature indicating that these concentrations are within the range
where HZ is known to elicit measurable biological responses, such as
immune activation or tissue interaction. These concentrations allow for
the observation of clear effects without overwhelming the system,
ensuring that the results are both significant and interpretable. Addi-
tionally, these levels are commonly used in similar experimental setups,
providing consistency and comparability with other research in the field
[22,23].

2.2. Synthesis of -hematin

B-hematin or sHZ, was synthesized from hemin chloride at 60°C in an
acetate buffer and was optimized based on a previous study [24]. The
reaction was carried out by mixing hemin chloride with a sodium ace-
tate buffer at pH 4.75. The mixture was stirred every 25 min for 5 min
and maintained at 60°C for 3 h. Subsequently, the sample was allowed to
settle, filtered, and washed three times with distilled water. Finally, the
beta-hematin crystals were transferred to an incubator at 37°C for 48 h.

2.3. Characterization of nHZ and sHZ by scanning electron microscopy
(SEM)

The samples were mounted on graphite tape and coated with a thin
gold (Au) layer using a DENTON VACUUM Desk IV. They were then
analyzed with a high-vacuum scanning electron microscope to obtain
high-resolution images. A secondary electron detector was employed to
assess the morphology and topography of the samples. SEM images were
captured using a JEOL JSM-6490LV scanning electron microscope at
magnifications of 20,000X and 25,000X. The average sizes of the p-he-
matin crystals were measured using ImageJ software.

2.4. Characterization of nHZ and sHZ by Fourier transform infrared
spectroscopy (FTIR)

For FTIR analysis, the dehydrated sample, in powder form, was
placed directly on the ATR crystal. Pressure was applied to ensure
optimal contact between the sample and the crystal. Infrared light was
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then directed through the crystal, and the reflected light was analyzed to
obtain the infrared spectrum of the sample. The measurements were
conducted at ambient temperature utilizing an IRTracer-100 infrared
spectrometer (Shimadzu, Japan), employing 64 scans and a resolution
covering a wavenumber range from 3500 to 400 cm-1.

2.5. Obtaining and culture of human placental explants

The study included 3 placentas from four-term pregnancies (gesta-
tion age > 37 weeks). The placentas were donated by women between
the ages of 23-33 who did not have any complications or health prob-
lems related to their pregnancy and deliver by cesarean section as per
medical advice. The exclusion criteria for the study were as follows: for
the mother, evidence or diagnosis of preeclampsia, diabetes mellitus,
intrauterine infection, or any inflammatory process during pregnancy
and delivery; for the fetus, the presence of intrauterine growth restric-
tion or being small for gestational age. The pregnant women who
donated their placenta signed the informed consent approved by the
Ethics Committee of the Faculty of Medicine at the University of Anti-
oquia (Minutes No. 015, 24/09/2020).

Placental tissue was collected under sterile conditions and processed
within two hours after delivery. Using a scalpel, around six fragments of
cotyledons were obtained, each measuring 1 x 2 cm and spanning the
thickness of the placenta (3 cm) between the edges and the cord. These
fragments were then dissected into approximately 0.5 cm® dimensions
and placed in a well containing 3 mL of complete F-12 medium sup-
plemented with 10 % fetal bovine serum and 1 % antibiotic. Two or
three fragments were sowed per well, and the EPH culture was main-
tained for up to 72 h with daily medium change. The supernatant was
collected daily during this period to determine lactate dehydrogenase
(LDH) activity and human chorionic gonadotropin (hCG) production
[25].

2.5.1. Exposure of human placental explants to nHZ and sHZ

All placental explants were washed three times with warm PBS 1X
before treatment; for each placenta, five conditions were tested for 24 h:
HPEs in culture medium (Control), HPEs exposed to 5 pg/mL and ten pg/
mL of nHZ, HPEs exposed to 5 pg/mL and ten pg/mL of sHZ. After in-
cubation, supernatants were collected for LDH, hCG, and cytokines
measurements. A portion of the tissue was stored in 10 % formalin for
routine histological analysis with hematoxylin and eosin staining
(H&E), Cytokeratin 7 (CK-7), histochemical analysis of collagen distri-
bution using Picro Sirius Red staining, and TUNEL staining. Finally,
another portion of the tissue was preserved in Trizol for RNA extraction
by qPCR. A total of 3 placentas were used in this study, and three rep-
licates were performed on each placenta in each experiment.

2.6. Measurement of viability through Lactate Dehydrogenase (LDH)
activity detection

Explant viability was evaluated by releasing the enzyme lactate de-
hydrogenase (LDH) into the incubation medium. LDH is an intracellular
enzyme. Thus, their release reflects cytotoxicity. Following the manu-
facturer’s recommendations, the LDH enzyme activity was assessed
using the "Cytotoxicity detection kit" (Roche Diagnostics GmbH, Man-
nheim, Germany). After 24 h of HPE culture and coculture with nIE and
P. falciparum-IE, Triton X-lysed tissue was employed as a positive con-
trol, representing 100 % LDH release.

2.7. Quantification of the hormone human gonadotropin chorionic
(PhCG) in HPE supernatant

Concentrations of BhCG in culture supernatants of HPEs were
determined by enzyme-linked immunosorbent assay (ELISA), using
“DuoSet® ELISA kits” (R&D Systems) according to the manufacturer’s
instructions. Samples were added without further dilution. The
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absorbances were read at the Multiskan™ FC Microplate Photometer at
450 nm, and the concentration of fhCG was determined in pg/mL by
extrapolating the data from the absorbance against a standard curve,
normalized for every 100 g of tissue. The assay sensitivity limits of the
kits are 7.81 pg/mL to fhCG.

2.8. Histological and immunohistochemistry techniques

Placental explants were fixed in 10 % formaldehyde in 0.1 M phos-
phate buffer (pH 7.3) for 24 h, dehydrated in alcohol, clarified in xylene,
embedded in paraffin, and sectioned at five pm. Paraffin histological
sections were stained with hematoxylin-eosin (H&E) for routine histo-
logical analysis to evaluate the integrity of HPEs and quantify the
presence of syncytial nodules, fibrin deposits, and infarction. For semi-
quantitative analysis, collagen organization in HPE stroma was
assessed using Sirius Red Picric (PSR) staining. To quantify the findings
evaluated in H&E, ten random fields from each sample were chosen, and
the frequency of HPEs with the parameter evaluated was determined.
Histopathological damage scores in H&E sections and collagen histo-
chemistry with PSR were assessed according to established histopatho-
logical scoring principles for research, as previously described [25,26].
see in Table 1, adapted from [27]. The slides were examined under light
microscopy (Motic BA 310) at 40X magnification (total magnification =
400) with H&E and PSR at 20X magnification (total magnification =
200). The photos were taken with the Motic Images Plus 2.0 program.

For immunohistochemical analysis, tissue samples were deparaffi-
nated with alcohol and xylene, and antigen retrieval was achieved by
steaming the samples in sodium citrate buffer for 30 min. An anti-CK-7
antibody was added to assess the integrity of the trophoblast, followed
by a secondary peroxidase-conjugated antibody. The antigen-antibody
complex was visualized using DAB chromogen, and Mayer’s hematox-
ylin provided nuclear contrast. A negative control was established using
phosphate buffer instead of the primary antibody. Ten random fields
from each sample were selected to determine the frequencies of the
studied variables, including trophoblast detachment, trophoblast
rupture, and villi denudation. The slides were examined under light
microscopy (Motic BA 310) at 40X magnification (total magnification =
400), and the photos were taken with the Motic Images Plus 2.0 pro-
gram. Following the methodology described previously [25].

2.9. Apoptosis assessment using the TUNEL assay

The DeadEnd™ Fluorometric TUNEL System was used to measure
the number of apoptotic cells in HPE samples. This system detects
fragmented DNA in apoptotic cells by catalytically incorporating
fluorescein-12-dUTP at the DNA ends using the recombinant terminal
deoxynucleotidyl transferase (rTdT) enzyme [28]. Samples were pre-
pared by cutting 3-micron tissue sections from paraffin blocks, followed
by formaldehyde treatment and staining according to the manufac-
turer’s recommendations (Promega). Green fluorescence was employed
to identify apoptotic cells, while DAPI staining served as a blue

Table 1
Scores for the analysis of the histopathological damage and Organization of
collagen L.

Score  Histopathological damage Organization of

collagen I
1 Trophoblast/Fetal connective tissue intact Absence of collagen
birefringence
2 Minor detachment of the trophoblast and Low collagen
disorganization of fetal connective tissue birefringence
3 Almost complete detachment of trophoblast and ~ Moderate collagen
disorganization of fetal connective tissue birefringence
4 Complete detachment of the trophoblast/ Strong collagen
disorganization or destruction of fetal connective  birefringence

tissue
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background. A positive apoptosis control was utilized, involving HPEs
treated with TNF-a for 24 h.

2.10. Statistical analysis

Data were presented as the mean + standard error of the mean
(SEM). LDH, hCG, and cytokines levels in culture supernatants of
placental explants were normalized to tissue wet weight. The normality
of the data was assessed using the Shapiro-Wilk statistical test, and
repeated measures ANOVA was preferred because it allows for the
analysis of data collected from the same subjects across multiple con-
ditions or time points, accounting for intra-subject correlation and
reducing variability. A p-value < 0.05 was considered statistically sig-
nificant. The Tukey post hoc test was applied to compare different
conditions. Graphs and statistical analyses were performed using
GraphPad Prism version 10 (GraphPad Software, LLC. Boston, MA).

3. Results
3.1. Morphological and vibrational characterization of nHZ and sHz

nHZ and sHZ crystals were characterized by scanning electron mi-
croscopy (SEM) and infrared spectroscopy (IR). The analysis reveals that
nHZ crystals exhibit a needle-like morphology, with approximate mea-
surements of 500 nm (Fig. 1). This morphology aligns with findings from
previous studies [29]. The micrograph of the natural sample shows a
higher presence of crystalline aggregates, as previously documented
[30]. Synthetic HZ showed a more evident distribution of crystals, which
was achievable by the controlled scenario of synthesis (specific pH and
temperature conditions).

The Fourier transform infrared spectroscopy (FTIR) of hemin, a
structural component of hemoglobin, displays a firm band around
1695 cm ™}, corresponding to the carbonyl functional group (C=0) vi-
bration in the porphyrin. On the other hand, the infrared spectrum of HZ
shows three distinct bands associated with carbonyl groups, located
approximately at 1205 em™), 1655 em-', and 1710 cm-'. These bands
indicate the formation of sHZ dimer (B-hematin). The provided figure
confirms that the obtained crystals correspond to nHZ. The presence of
these bands in the infrared spectrum supports the precise identification
of HZ in the study (Fig. 2).

3.2. LDH activity and phCG production in HPEs exposed to natural and
synthetic hemozoin ex vivo

The viability of the placental villi exposed to nHZ and sHZ was
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Fig. 2. FTIR of hemin and sHZ. The spectrum in the upper part (black lines)
corresponds to hemin chloride, the reagent, and the spectrum in the lower part
(red lines) corresponds to synthesized f-hematin. The formation of new bands is
observed, confirming the synthesis of p-hematin.

assessed by estimation of LDH activity and p-hCG concentrations in the
supernatant cell culture after 24 h of treatment. LDH activity was used
as an indicator of cell membrane integrity and, thus, a measurement of
cytotoxicity. LDH activity was similar in all conditions studied, sug-
gesting that neither nHZ nor sHZ have a cytotoxic effect on the tissue,
and the results are comparable to the control group (Fig. 3A). The
endocrine function of HPEs was evaluated by quantifying the production
of hCG. HPEs exposed to both nHZ and sHZ showed a dose-dependent
decrease in hCG production compared to the control group. However,
no statistically significant differences were found (Fig. 3B). In the con-
trol group, the average of hCG was 709,6 pg/mL, and after treatment
with 5 pg/mL of nHZ and sHz, the production reduced to 274 pg/mL and
336 pg/mL, respectively. When HPEs were treated with 10 ug/mL of
nHZ and sHz, further reduction was observed, with levels dropping to
162 pg/mL and 88 pg/mL, respectively.

2.7mm  OptiPlan T2  1.00kvV 50000 x 13pA 829 ym

Fig. 1. Morphological characterization of natural hemozoin and synthetic. a. Scanning electron microscopy micrograph of nHZ crystals separated from P. falciparum-
IE by magnetic column. The heme group dimerizes, forming a HZ dimer that constitutes triclinic needle-shaped structures (white arrow). These HZ dimers grow
together through hydrogen bridges, creating long chains of hydrogen bonds that shape the various crystal terraces of HZ (black arrow). b. Scanning electron mi-
croscopy micrograph of sHZ shows a homogeneous distribution of crystals with a morphology like HZ.
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Fig. 3. LDH activity and phCG production in HPEs exposed to nHZ and sHZ ex vivo. A. LDH activity was measured in the supernatant of HPEs as a marker of
cytotoxicity, normalized per 100 mg of tissue. B. Production of phCG measured in the supernatant of HPEs, normalized per 100 mg of tissue, in the study groups. Bar
graphs represent the means &= SEM. Each symbol represents an individual donor (n = 4). One-way ANOVA to repeated measures with a test to multiple comparisons

(Tukey test).

3.2.1. Hemogzoin induces disorganization of placental villi and disruption of
trophoblast

Histological analysis with H&E staining was performed on human
placental explants exposed to two concentrations (5 ug/mL and 10 pg/
mL) of nHZ and sHZ. Fig. 4 shows representative microphotographs of
placental villi after exposition to HZ; both concentrations showed
detachment of the trophoblast and fetal connective tissue disorganiza-
tion. A histopathological damage score was calculated to provide a
comprehensive overview of tissue damage based on trophoblast
attachment to the villi and stroma organization. The score of the his-
topathological damage increased from 1.34 + 0.15 in the control group
to 3.17 £ 0.49 and 2.65 + 0.39 in the tissue exposed to 10 pg/mL of
nHZ and sHZ respectively (Fig. 4, p-value < 0.001).

The percentage of villi presenting pathological alterations such us
syncytial knots, fibrin deposits, and infarction was also calculated and

A —_— il i » ,5 pg/mL n~H,

CK-7

-

~
]

-

>
~
=3

w
)

% of villl with detached STB
)

Histopathological damage
(Score)
~

°

Control 5 pg/mL 10 pg/mL 5 pg/mL 10 pg/mL

Control 5 pg/mL 10 pg/mL 5 pg/mL 10 pg/mL

nHZ sHZ HZ SHZ

% of villi with denuded areas

was similar in all conditions (data not presented), suggesting that either
nHZ or sHZ has an impact mainly on the trophoblast attachment.
Analysis using CK-7 immunohistochemistry, a specific marker of
trophoblast, confirmed that ten ug/mL of nHZ and sHZ significantly
disrupted the trophoblast layer of the placental villi (Fig. 4). Detachment
and denudation of the trophoblast were predominantly observed.

A qualitative assessment of the distribution of type IV collagen was
conducted using TCM. An increase in collagen fiber-deprived areas was
observed in the villous stroma of HPEs exposed to both nHz and sHz,
compared to non-exposed control HPEs, where fibers were regularly
observed covering the villous stroma. Additionally, a semiquantitative
evaluation of the distribution of type I collagen on the villous stroma was
performed using PRS staining. It was found disorganization of collagen I
in placental explants exposed to both concentrations of nHZ and sHZ,
compared to the control samples, evidenced by a reduction in the

10 pg/mL sHZ

*%

-
S

% of villi with disrupted STB

Control 5 pg/mL 10 pg/mL 5 pg/mL 10 pg/mL Control 5 pg/mL 10 pg/mL 5 pg/mL 10 pg/mL

nHZ SHZ nHZ SHZ

Fig. 4. Natural and synthetic hemozoin increases histological damage in ex vivo-exposed human placental explants. A. Panel of representative microphotographs of
HPEs stained with H-E. Fibrin deposits (yellow arrowhead) and syncytial knots (red arrowhead) are shown. B. Panel of representative microphotographs of HPEs
stained with CK-7. Detachment (orange arrows), denudation (black arrows), and rupture (green arrows) are shown. C. Results are presented as mean + SEM (n = 3).
Test: ANOVA, p-value: < 0.00001 (****), < 0.0001 (***), < 0.001 (**), < 0.05 (*). Scale bar: 20 pm. Total magnification 200X.
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staining refringence (Fig. 5A) and the collage disorganization score
(Fig. 5B).

3.2.2. Hemozoin increases cellular apoptosis in human placental explants

A notable increase in cellular apoptosis (cells in green fluorescence)
was observed when HPEs were exposed to nHZ and sHZ. This phe-
nomenon suggests a dose-dependent pattern: as HPEs were exposed to
higher concentrations of HZ (10 pg/mL), cellular death increased
(Fig. 6).

4. Discussion

Hemozoin, a pigment generated by P. falciparum during the digestion
of hemoglobin in red blood cells, has emerged as a significant factor in
the pathogenesis of malaria, particularly in its impact on the placenta,
where it has been found not only free in the villous stroma but also
phagocytized by leukocytes [12]. The results of this study demonstrate
that HZ exacerbates the detachment and denudation of STB covering the
placental villi. Additionally, disorganization of type I collagen fibers was
observed, a crucial component for maintaining extracellular matrix
integrity, indicating a role in the deterioration of placental tissue.
However, the lack of variation in LDH activity across different condi-
tions suggests that while structural damage occurs, cellular viability
remains intact. This contrasts with the effects observed with the com-
plete parasite, which significantly impacts cellular viability as indicated
by previous studies [31].

Although cell viability, as assessed by LDH levels, was not affected, a
significant increase in cellular apoptosis was observed. This discrepancy
could be addressed by analyzing LDH levels after 48 or 72 h, along with
conducting viability assessments using MTS, MTT, or ATP-based assays.
This result can be explained by the fact that apoptosis leads to cell death
in a controlled manner without immediately compromising overall
cellular integrity, as measured by LDH.

LDH measures cell membrane damage and leakage, which may not
be as evident in apoptotic cells, as they undergo a regulated process of
cell death that does not necessarily cause immediate membrane rupture.

Control 5 pug/mLnHZ

10 pg/mLnHZ
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Therefore, an increase in apoptosis can occur without a corresponding
immediate rise in LDH levels. In this sense, it is more accurate to discuss
apoptotic processes induced by HZ in placental tissue rather than
necrotic processes, which are more associated with the complete para-
site as previously reported [32]. It is important to mention that the
apoptotic process is a normal or physiological process that should occur
during placental development, involving cellular differentiation. This
explains why apoptotic cells are also observed in control tissues or those
not exposed to erythrocytes infected with P. falciparum, although in
smaller proportions.

This finding aligns with observations from other studies that report
similar effects on cellular apoptosis caused by HZ or parasite compo-
nents, such as the heme group released during the lysis of infected cells
[11]. These observations suggest that different mechanisms involving
the parasite and HZ deposits may exert distinct effects on cellular
viability or death, indicating that these processes may not be exclusive
to a single component of the parasite or a single pathway. Additional
parasitic products to consider in the pathophysiological process include
parasite  histone-DNA  complexes and  unbound  glyco-
sylphosphatidylinositol (GPI) anchors, which are also released into the
circulation during schizont rupture [33-35]. It is noteworthy that both
nHZ and sHZ showed a similar trend in the observed effects on both
structural damage and apoptosis. This suggests a potential role for sHZ
in biological assays that do not require special infrastructure and
extensive laboratory work to obtain parasitic cultures with high den-
sities, from which nHZ is derived. This sHZ synthesis process was
described in detail previously [36].

Hemozoin deposits are often correlated with the severity of the dis-
ease in patients infected with P. falciparum [37,38]. In specific organ
complications, such as cerebral malaria, it has been described those
physiological concentrations of purified HZ are sufficient to be absorbed
by central nervous system cells, alter the expression of pro-apoptotic
proteins, and subsequently trigger apoptosis in human neurons and as-
trocytes [10]. This pro-apoptotic induction may also be accompanied by
alterations in the cellular function of macrophages and leukocytes,
leading to the release of a variety of pro-inflammatory mediators such as
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Fig. 5. Natural hemozoin disrupts the collagen distribution in the villous stroma of ex vivo exposed Human placental explants. A. Photographic panel of cross-sections
of HPEs stained with PRS (orange staining of collagen fibers). Areas devoid of type I collagen fibers (white asterisk) are shown. B. Results are presented as mean
+ SEM (n = 3). Test: ANOVA, p-value: < 0.0001 (***), < 0.001 (**). Scale bar: 20 pm. Total magnification 200X.
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TNF, MIF, MIPs, IL-1p, and IL-6 [39,40]. In this regard, the use of TNF as
an apoptosis inducer in HPE control+ is further supported by this study.

In some infectious diseases, an increase in apoptosis in the placental
tissue is also observed [41-45]. Specifically for the case of Trypanosoma
cruzi, it has been described that apoptosis in the chorionic villi increases,
reflected by an increase in the expression of markers such as M30, a
neoepitope formed because of the cleavage of cytokeratin 18, in addition

to inducing caspase-3-like activity in human chorionic villi [45]. These
findings are suggested to be one of the mechanisms used by the parasite
to ensure infection and invasion of the human placenta and fetus. These
effects have also been correlated with alterations in the trophoblast,
such as detachment and destruction of the trophoblast, as well as
disorganization of the basal lamina and type I collagen in the placental
trophoblast, very similar to what is observed in this study with HZ and to
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what is observed with the complete P. falciparum parasite [31,46]. It is
possible to hypothesize that HZ, like T. cruzi, could act on the activation
of caspase-3 as an important mediator in the apoptotic process; this
remains to be evaluated.

In the case of human cytomegalovirus (HCMV) infection in a primary
trophoblast model, an increase in apoptosis and in the transcription
factors and secretion of inflammatory cytokines, such as tumor necrosis
factor-alpha (TNF-a) and interleukin-8, was observed. Interestingly,
blocking TNF-a with a specific antibody inhibited the virus-induced
apoptosis [42]. Also, infection of the trophoblast with HCMV has also
been associated with TLR2 in STB [47]. The potential of TNF-a and
Toll-like receptor pathways to induce apoptosis deserves evaluation in
cases of malaria, particularly to assess the possible activation pathways
that may induce apoptosis by the complete parasite or its derivatives.
Cellular viability also reflects the damage caused by HCMV during
trophoblast exposure; HCMV infection of villous trophoblasts results in
the loss of up to half of the cultured cells within the first 24 h of exposure
[47].

Toxoplasma gondii, for its part, has been described as inducing
pyroptosis in human placental trophoblasts and amniotic cells through
the induction of reactive oxygen species, which leads to the activation of
the inflammasome [43]. A relevant process, as it has been described, is
that among the possible innate resistance mechanisms available to
villous trophoblasts is the induction of reactive oxygen species [48] and
nitrogen intermediates [49]. The link between increased apoptosis in
villous trophoblasts and placental pathologies, while seemingly obvious,
is not fully understood. Most forms of villous pathology share the
common feature of loss of the STB layer, which may be due to increased
apoptosis and detachment of STB or a reduced capacity for CTB renewal.
The loss of the STB barrier would allow access to the underlying fetal
mesenchyme by progeny parasites or infected maternal leukocytes.
Understanding the mechanism of this loss is crucial for understanding
how T. gondii crosses the villous placenta [43].

In summary, each infectious agent, whether parasitic or viral, can
potentially damage placental structure and may be related to the in-
duction of shared pathways leading to cellular death or apoptosis, as
well as structural damage to the placenta. It is crucial to note that the
path to fully elucidate which routes are triggered by HZ to cause such
significant damage is still long. However, it is promising to identify
which processes are affected when the placenta is exposed solely to HZ
without parasites. This is a reason to continue exploring these concepts
with more specific assays to better target future treatments that could
mitigate the adverse consequences of this infection.

The findings of this study could enable a more targeted approach in
developing therapeutic interventions to mitigate the effects of placental
malaria. For example, if it is confirmed that HZ plays a central role in
placental dysfunction, more treatments could be developed that focus on
blocking its accumulation or interaction with placental tissue cells,
which would reduce inflammatory activation and associated apoptosis,
ultimately improving pregnancy outcomes in women infected with
Plasmodium spp [50].

Furthermore, research into the signaling pathways activated by HZ
could lead to therapies that mitigate its inflammatory effects. For
example, targeting Toll-like receptors (TLRs) [51], which recognize HZ,
has shown promise in reducing inflammation and improving pregnancy
outcomes in experimental models. These interventions could not only be
helpful in the treatment of malaria during pregnancy but also for other
pathological conditions related to inflammation and apoptosis, such as
preeclampsia or autoimmune disorders [52]. In this regard, HZ could
become a broader therapeutic target, offering a more comprehensive
approach to managing obstetric complications associated with parasitic
infections or inflammatory diseases.

5. Conclusion

Understanding the properties of HZ is crucial as it provides essential
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insights into its inherent structure, which is a fundamental aspect of
malaria research. The increase in apoptosis observed in HPEs exposed to
HZ supports the notion that HZ has a distinct effect on cellular death
pathways compared to the complete parasite. This discrepancy suggests
that HZ and other parasite components may act through different
mechanisms, potentially involving distinct pathways of cellular viability
and apoptosis. This information is valuable for further investigations
concerning the interaction of HZ crystals with antimalarial agents,
contributing to developing targeted therapeutic approaches against
malaria. Furthermore, the similarity in morphology and size between
the nHZ and sHZ suggests they might have comparable biological ef-
fects, as evidenced in the current study.

Further studies are required to determine the specific pathway
through which HZ exerts its pathophysiological effect, which seems
different from the complete parasite’s effect. Future studies involving in
vivo experiments, such as murine models, could provide additional in-
formation regarding the systemic immune response specifically trig-
gered by HZ in placental tissue. However, it is crucial to consider the
limitation that the murine placenta is morphologically very different
from the human placenta, and the results obtained should take this
factor into account in their interpretation.
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