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ABSTRACT: Amniotic membrane (AM) is a biological material recognized for its
regenerative, anti-inflammatory, and immunomodulatory properties, constituting a
promising approach for the treatment of neurodegenerative diseases, such as demyelinating
diseases. Some neurodegenerative diseases, such as Multiple Sclerosis (MS), occur with
demyelination, which is a process characterized by the loss of myelin, a structure
responsible for the adequate conduction of nerve impulses, compromising neuronal
functionality. In this context, this study aimed to investigate the efficacy of AM in
protecting nervous tissue against the demyelinating effects of lysophosphatidylcholine
(LPC, lysolecithin), using organotypic brain slices from C57BL/6 mice as an in vitro
experimental model. Four experimental groups were established: C−H (healthy slices), C-
DEM (slices demyelinated with LPC), C-AM (healthy slices with AM), and AM-LPC
(slices protected by AM before LPC). The analyses included histological staining
(Hematoxylin and Eosin, Luxol Fast Blue), metabolic test with 2,3,5-triphenyltetrazolium
chloride (TTC), and Scanning Electron Microscopy (SEM). Results showed that AM preserved myelin and tissue architecture in the
challenged slices, while the demyelination group presented microcavitations, structural disorganization, and loss of distinction
between white and gray matter. The TTC assay revealed high metabolic activity in the slices protected by AM, in contrast with the
low activity in the demyelinated group. SEM analysis reinforced the efficacy of AM, evidencing a preserved organization of the brain
parenchyma in slices protected by AM. Thus, the results demonstrate that AM was effective in protecting nervous tissue against the
demyelinating effects of lysophosphatidylcholine, preserving myelin, structural organization, and metabolic activity of brain slices, as
evidenced by histological, metabolic, and ultrastructural analyses with SEM.

■ INTRODUCTION
The Central Nervous System (CNS) regulates motor, sensory,
and cognitive functions, ensuring the interaction of organisms
with the environment. Composed of the brain, spinal cord, and
optic nerve, it processes information and coordinates vital
functions. The brain and spinal cord are composed of white
and gray matter. Gray matter is composed primarily of
neuronal cell bodies, and white matter is characterized by a
high concentration of myelinated axons, the integrity of which
is essential for the conduction of nerve impulses. Changes in
myelin can compromise this functionality and lead to
significant neurological deficits.1−3

Demyelination is characterized by the loss of myelin,
impacting neural transmission and resulting in functional
deficits.4,5 MS is one of the main demyelinating disorders,
leading to fatigue, muscle weakness, vision problems, and
cognitive deficits.6,7 With population aging, neurodegenerative
diseases become more prevalent, requiring effective therapeutic
strategies to minimize their social and economic impacts.8,9

Experimental models, such as organotypic brain slices, are
widely used to study demyelination and to test regenerative

therapies. This model maintains the three-dimensional
organization of the tissue and allows the study of
pathophysiological processes.10 Brain slices are cut between
200 and 500 μm and cultured on porous polytetrafluoro-
ethylene (PTFE) membranes, which allow for the air−liquid
interface and the penetration of therapeutic agents.11

Lysolecithin is a demyelinating agent widely used in these
studies to induce controlled demyelination.12,13

Amniotic membrane (AM) has emerged as a promising
approach in regenerative medicine. It is the innermost layer of
human fetal membranes, rich in mesenchymal stem cells and
amniotic fluid, which have therapeutic potential.14−16 Its
extracellular matrix (ECM) contains collagen, laminin,
proteoglycans, glycoproteins, elastin, and fibronectin, providing
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mechanical strength and flexibility.17 In addition, AM releases
bioactive factors that promote regeneration, have anti-
inflammatory and immunomodulatory properties, favoring
tissue integrity.18−21

Studies demonstrate that AM reduces hepatic fibrosis in
experimental models,22 accelerates the healing of skin
wounds,23 and promotes the regeneration of peripheral
nerves24,25 and the spinal cord.26 Its immunomodulatory
properties are attributed to the expression of proteins such as
HLA-G and TGF-β, which suppress immune responses and
favor immunological tolerance.27 Soluble factors released by
AM inhibit the proliferation of T cells and promote the
differentiation of regulatory T cells, inhibiting Th1 and Th17,
related to MS progression.28,29

Given its therapeutic potential, this study proposes the use
of AM as an approach to protecting organotypic brain slices
from lysolecithin-induced demyelination. It is expected that its
ECM, rich in collagen and elastin, can confer mechanical
resistance capable of acting as a barrier against the penetration
of exogenous agents, such as lysolecithin. In addition, its
bioactive properties are considered to modulate inflammatory
responses and provide growth factors that preserve myelin and
stimulate cell regeneration.17

The application of AM in demyelination models represents
an innovative strategy to investigate its ability to preserve
myelin. There are no previous studies applying this membrane
in this experimental model to evaluate its protective potential.
Thus, this study aims to explore AM as a therapeutic tool in
the context of lysolecithin-induced demyelination in organo-
typic brain slices. This approach may open new perspectives
for the treatment of demyelinating diseases, contributing to
improving the quality of life of patients affected by these
conditions.

■ MATERIALS AND METHODS
Obtaining the Placenta and Preparing the Amniotic

Membrane. This work was approved by the Research Ethics
Committee (CEP), under protocol number 6.389.780. After
approval by the CEP, 10 full-term human placentas, with a
gestational age equal to or greater than 39 weeks, were
obtained from elective cesarean sections of women with
normal pregnancies, at the maternity ward of the Hospital
Santa Casa de São Jose ́ dos Campos, after maternal consent by
signing a Free and Informed Consent Form, and after
certification of negative results for Hepatitis B and C, syphilis,
and HIV-1 and 2.
The AM was transported to the laboratory at the Research

and Development Institute under refrigeration at around 10 to
15 °C, where, under sterile conditions, it was manually
separated from the chorionic membrane and washed
extensively in physiological saline solution containing 100 U/
mL of penicillin, 100 μg/mL of streptomycin, and amphoter-
icin B. The AM was cut into fragments of adequate size (2 × 2
cm), and thickness between 0.02 and 0.1 mm, and marked to
allow identification of the mesenchymal face that will be placed
in the wells of the plate of 6 wells to cover the brain slices that
were cultured in the wells. The pieces were stored separately at
room temperature in 50 mL vials containing DMEM culture
medium without serum and without phenol red under sterile
conditions, until application.22,30

Animals and Experimental Groups. Eight C57BL/6
mice were used to conduct the experiments, with prior

approval from the Animal Use Ethics Committee (CEUA),
under protocol number A3CEUA/2023.
The mice were purchased from CEMIB (Multidisciplinary

Center for Biological Research in the Area of Science in
Laboratory Animals) of the State University of Campinas
(UNICAMP). The animals were transported to Sa ̃o Jose ́ dos
Campos in appropriate boxes, equipped with apples to prevent
dehydration during the journey. Upon arrival in São Jose ́ dos
Campos, the mice were housed in the Bioterium of the
Research and Development Institute (IP&D) of the University
of Vale do Paraib́a (UNIVAP) in microisolators placed in
ventilated racks, with three animals per unit. During the
housing period, they received water and food ad libitum, in
addition to rolls of toilet paper, as environmental enrichment.
The room temperature was maintained at approximately 22
°C, with a 12-h light/dark cycle.
The animals were used to obtain brain slices, which were

divided into different experimental groups: Healthy Control
Group (C−H); Demyelination Control Group (C-DEM);
Membrane Control Group (C-AM); and Membrane LPC
Group (AM-LPC). The C−H referred to the group whose
organotypic slices did not undergo the demyelination process
and did not receive AM application on the slices. In the C-
DEM Group, the organotypic slices were demyelinated with
LPC, but they did not receive AM application. In the C-AM
Group, the organotypic slices were not demyelinated but
received AM, which was positioned on top of the slices.
Finally, in the AM-LPC Group, three AM fragments were
positioned over the brain slice, followed by the application of
LPC directly onto the slice protected by AM. The objective
was to evaluate the efficacy of AM in protecting the tissue
against demyelination induced by the demyelinating agent.
Thus, AM was challenged with LPC to determine its ability to
act as a protective barrier, preserving the integrity of the myelin
sheath under the proposed experimental conditions. Each of
the 3 analyses was performed in triplicate.

■ EXPERIMENTAL SECTION
Procedures for Obtaining and Cultivating Organo-

typic Brain Slices. In the following sections that describe the
steps for obtaining and cultivating organotypic brain slices, the
methodology used for the culture of organotypic brain slices
will be presented. The methodology was based on protocols
previously established in the literature,31,32 with some
adaptations to adjust to the objectives and experimental
conditions of the study.

Preparation of Culture Media and Supplies for Brain
Dissection. Before the mouse brain slices were obtained,
solutions for obtaining and culturing the slices were prepared.
Initially, the dissection medium was prepared, consisting of
MEM (Minimum Essential Medium, NovaBio, Brazil) culture
medium and 1% antibiotic (penicillin and streptomycin, Sigma,
St. Louis, MO). This medium, also called dissection buffer, was
used to prepare and manipulate the tissue slices before they
were placed on a culture plate. Next, the MEM culture medium
was prepared supplemented with 25% fetal bovine serum
(Sigma, St. Louis, MO), 25% Earle’s salts (NovaBio, Brazil),
2.6 mg/mL of 45% glucose (Exodo Cientifica, Brazil), 1%
glutamine (Exodo Cientifica, Brazil), and 1% antibiotic
(penicillin and streptomycin). Using sterile forceps, an
organotypic insert were placed in each well of a 6-well plate,
ensuring no bubbles are trapped under the membrane. One
mL of supplemented MEM was pipetted into each well of the
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plate. Afterward, the plate was placed in an incubator at 37 °C
and 7.5% CO2 to be heated for at least 2 h before dissection.

Procedures for Obtaining Brain Slices. The procedures
for obtaining and dissecting the slices were performed in a
sterile laminar flow hood. The tissue chopper was prepared by
placing a new blade and then pipetting 300 μL of 70% ethanol
under the cutting stage to ensure that the sample remained in
place. The tissue chopper blade was gently cleaned with a
cotton swab and subsequently dried before being used. All
dissection tools were sprayed with 70% ethanol and dried
before dissection. Next, two 10 cm Petri dishes were prepared:
one with 15 mL of supplemented MEM and the other with 10
mL of dissection medium. This medium was oxygenated with
95% oxygen and stored on ice for 15 min before the dissection
began.
To obtain the brain slices, the mice were sedated with a

combination of xylazine, ketamine, and fentanyl, followed by
general anesthesia with thiopental. After confirmation that the
animals had achieved an adequate plane of anesthesia, a
booster dose of thiopental was administered to ensure a deep
plane of anesthesia and the onset of significant cardiorespir-
atory depression. After ensuring that the animals were deeply
anesthetized and ensuring that they were in a state of complete
hypnosis and unconsciousness, intracardiac perfusion with
potassium chloride was performed to induce cardiac arrest.
After euthanasia, the animals were decapitated and the skull

over the forebrain and cerebellum was rapidly removed with a
sagittal cut followed by a lateral incision. The cranial nerves
were cut from the ventral surface of the cerebrum and
cerebellum, carefully displacing them to the side. The
cerebrum and cerebellum were placed in a sterile 35 mm
dish containing dissection medium. Using a scalpel blade, the
cerebellum was separated from the forebrain. The hemispheres
were then separated by a midsagittal cut in the forebrain and
cerebellum. To allow better visualization of the white matter
for histological analysis, the hippocampus was removed, leaving
only the cerebral cortex with the white matter more internally.
Using a spatula, the brain was transferred to the cutting stage

of the tissue chopper with the tissue resting on the rostral
aspect of the hindbrain and the caudal aspect of the hindbrain
facing the researcher. Using a P200 pipet, excess medium
around the tissue was removed, ensuring that the tissue
remained moist but not floating in liquid. The tissue was then
cut into slices with a thickness of 400 μM on a tissue chopper.
After cutting, 100 μL of supplemented MEM medium was
pipetted under the tissue so that the slices would float under
the cutting table and then be transferred to the previously
separated Petri dish containing supplemented MEM medium.
Using a spatula and a fine brush, the organotypic slices were
carefully separated and subsequently transferred to the
organotypic insert positioned in the wells of the plate,
containing supplemented MEM, whose plate had been
previously incubated in the incubator to be heated. A brain
slice was placed in each insert present in the well of the plate.

LPC-Induced Demyelination and Amniotic Mem-
brane Application. The demyelinating agent used was L-α-
Lysophosphatidylcholine from egg yolk (Sigma, St. Louis,
MO). Initially, LPC was diluted to a concentration of 100 mg
in 0.8 mL of sterile phosphate-buffered saline (PBS, Sigma, St.
Louis, MO). The solution was aliquoted into Eppendorfs tubes
containing 80 μL each and stored at −20 °C. At the time of the
experiment, the stored LPC was diluted in supplemented
MEM until reaching a final concentration of 5 mg/mL. In the

C-DEM group, the demyelination process was performed using
two strategies: (1) direct application of 100 μL of LPC on the
organotypic slices; and (2) positioning a small piece of high-
absorption paper (1 × 1 cm), soaked in LPC, on the slices.
After application of LPC and placement of the soaked paper,
the slices were incubated in MEM supplemented at 37 °C with
7.5% CO2 for 30 min to ensure sufficient time for LPC to
promote demyelination.
In the AM-LPC, before application of LPC, three AM

patches were positioned on the organotypic slices, each cut to
approximately 1 × 1 cm. Then, the same demyelination
strategies employed in the C-DEM Group were repeated,
including the application of high-absorption paper soaked with
LPC over the AM patches covering the organotypic slices. The
slices were then incubated in MEM supplemented at 37 °C
with 7.5% CO2 for 30 min to ensure uniformity in the
experimental procedure.

Maintenance of Control Groups without Demyelina-
tion. In the C−H group, the slices were cut in the previous
step and directly positioned on the organotypic inserts placed
in the wells of the plate, being incubated with supplemented
MEM at 37 °C in 7.5% CO2

31,32 for 30 min, to follow the
experimental procedure performed with the other groups.
In the C-AM group, the slices were also cut in the previous

step, positioned on the organotypic inserts, and 3 AM patches
(1 cm × 1 cm) were positioned on top of the slices. However,
they were not challenged with LPC to promote demyelination
since the objective of this experimental group was to verify
whether AM alone promoted any harmful or beneficial action
for the organotypic slices. In the same way as performed with
the other experimental groups, the slices were also incubated
with supplemented MEM at 37 °C in 7.5% CO2, for 30 min.
After 30 min of incubation, the slices from all experimental

groups were carefully removed from the inserts with the aid of
a fine brush and a spatula and were intended for the analyses
proposed in this study, with 3 slices for each analysis in each of
the 4 groups: histological analysis, SEM, and evaluation of
metabolic activity using 2,3,5-triphenyltetrazolium chloride
(TTC).

Histological and Quantitative Image Analysis. After
the incubation period, the brain slices were fixed in 10%
buffered formalin (Synth, Sa ̃o Paulo, Brazil) at 4 °C for 24 h,
subjected to routine histological processing, and embedded in
paraffin (Paraplast, Oxford, St. Louis, MO, USA). Semiserial,
5-μm-thick histological sections were obtained using a
semiautomatic microtome (Leica RM2245) and stained
using two staining techniques: hematoxylin and eosin (HE)
and Luxol Fast Blue (LFB) (Sigma, St. Louis, MO), a special
stain that stains myelin sheaths blue. The stains were
quantitatively evaluated by histomorphometric image analysis
to obtain the relationship between the demyelinated areas and
the preserved areas of the nervous tissue of the brain slices
(occupied by myelin) using ImageJ (National Institutes of
Health, Bethesda, MD, USA), an open-source image analysis
software. Microscopic images of the stainings were captured
with a digital video camera at 6120 × 8160 pixels, 8 bits,
coupled to an Olympus binocular optical microscope. All
images were cropped to focus on the region of interest,
standardized to a size of 4841 × 3095 pixels, and then
evaluated in ImageJ to quantify the areas with microcavitations
formation in relation to the total image area.
Before the quantification of the demyelinated areas in the

ImageJ software was started, the program was calibrated based
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on a known reference measurement, allowing the precise
conversion of the image pixels into real units of measurement.
For this calibration, a calibration slide with regular intervals
was used in which each division corresponded to 1 μm. After
calibration, the demyelinated areas in the images were
quantified in pixels and subsequently converted to metric
units, ensuring the accuracy of the analyzed data and
minimizing possible variations resulting from differences in
the scales of the acquired images.
Because some samples did not fit into a single image, even

using the smallest available objective (4x), it was necessary to
superimpose two photographs to compose a complete image of
the sample. This unified image allowed for the calculation of
the total area of the slice and the demyelinated areas.
Subsequently, the image of the complete slice was loaded
into the ImageJ software, where the “Freehand Selections” tool
was used to make manual selections of the areas of interest to
be quantified.

Scanning Electron Microscopy (SEM). After the brain
slices were cultured on a plate, they were immediately sent for
SEM analysis. For this purpose, each slice intended for SEM
was removed from the organotypic inserts and directly
positioned in a 24-well plate, where they were immersed in
different solutions present in each well of the plate, which
comprised the protocol for SEM analysis. The slices remained
immersed in each solution for 10 min. Initially, they were
immersed in fixative (2.5% glutaraldehyde +2.5% paraformal-
dehyde +0.05 mol cacodylate buffer), followed by 50% alcohol,
75% alcohol, 100% alcohol, and, finally, in a mixture of
hexamethyldisiloxane (HDMS) (Sigma, St. Louis, MO) with
100% alcohol (1:1). After drying at room temperature for 12 h,
the samples were coated with gold (10 nm) by Emitech k550x
metallizer and mounted on a stub with help of carbon tape.

Finally, the samples were sputter coated with gold and
analyzed using ZEISS EVO MA 10 scanning electron
microscope.32,33

The images obtained by SEM were analyzed in ImageJ
software to measure surface roughness and fissures in the
parenchyma. To evaluate surface roughness, the variation of
intensity in the gray scale was used as a parameter. Initially, the
images were opened in the program and converted to an 8-bit
format (Image > Type > 8-bit), transforming them into a gray
scale, where each pixel presents an intensity value between 0
(black) and 255 (white). For the analysis, a region of interest
(ROI) representative of the surface was selected using the
selection tool, and the measurement parameters were adjusted
to include mean, standard deviation, and area (Analyze > Set
Measurements), with data collection performed in Analyze >
Measure. The standard deviation value of the pixel intensity
represents the variation in the intensity of gray tones, serving as
an indirect estimate of the surface roughness of the sample.
The greater the dispersion of these values, the greater the
topographic variation present in the analyzed region.
To evaluate the fissures, the variation in pixel intensity in the

grayscale image was used as a parameter, using the thresh-
olding tool (Threshold) in ImageJ. The images obtained by
SEM were converted to 8-bit format (Image > Type > 8-bit),
allowing manipulation in grayscale. Next, the manual threshold
function was applied (Image > Adjust > Threshold), defining
the lower and upper intensity limits in order to specifically
highlight the darker regions of the image, compatible with
fissures areas. The minimum threshold value was empirically
adjusted to 70 (with an upper limit of 255), which was the
range that best highlighted the fissures, as observed visually.
After thresholding, binarized images with the highlighted
fissures were generated and saved for later quantification.

Figure 1. Photomicrographs of the organotypic brain slice in the experimental groups: C−H (A), C-AM (B), AM-LPC (C), and C-DEM (D).
Preserved distinction between gray matter (arrowhead) and a white matter-rich region of the striatum (asterisk), observed in all groups, except for
the C-DEM group (D), where this differentiation is compromised. The corpus callosum, a classical white matter structure, is also visible. HE
staining. Original magnification: 4×.
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Additionally, the topographic visualization tool “Interactive 3D
Surface Plot” (Analyze > 3D Surface Plot) was used, which
generates a three-dimensional graph based on the intensity of
the pixels in the original image. Variation in the distribution
and height of the peaks was observed, the regularity of which
reflects the degree of uniformity of the surface, in addition to
the presence of dark and deep regions, interpreted as areas of
depression in the sample topography.

Evaluation of Metabolic Activity of Slices. To assess
the metabolic activity of the slices, a metabolic dye called 2,3,5-
triphenyltetrazolium chloride (TTC, Neon Analytical Re-
agents, Suzano, SP) was used, which has the function of
indicating cell viability. The principle of this analysis is the
reaction of TTC with active enzymes in the mitochondria,
intensely staining the areas of metabolically active (viable)
tissues with red and staining the areas of nonviable tissues with

weaker or absent staining, where cell metabolism is
compromised. Initially, the TTC powder was diluted in PBS
until a concentration of 2% was reached and was used
immediately after preparation. The brain slices were
submerged in the TTC solution for 10 min at 37 °C and
kept protected from light to prevent degradation of the dye.
The slices were then fixed in 4% paraformaldehyde (PFA,
Sigma, St. Louis, MO) for a minimum period of 24 h.34 After
the TTC staining and the fixation period with PFA, the stained
slices were placed on a white background, and the images were
captured by using a digital camera.35

The staining intensity of the TTC-stained samples was
analyzed by using ImageJ software. The images were initially
opened in the program, and then, the ROI was manually
selected, covering exclusively the region of the brain tissue
analyzed. Then, the Analyze > Histogram function was used,

Figure 2. Photomicrographs of organotypic brain slices in the experimental groups: C−H (A), C-AM (B), AM-LPC (C), and C-DEM (D).
Preserved distinction between gray matter (arrowhead) and a white matter-rich region of the striatum (asterisk), observed in all groups, except for
the C-DEM group (D), where this differentiation is compromised. The corpus callosum, a classical white matter structure, is also visible. LFB
staining. Original magnification: 4×.

Figure 3. Photomicrographs of organotypic brain slices highlighting the preserved distinction between gray matter (arrowhead) and a white matter-
rich region of the striatum (asterisk) observed in the C−H, C-AM, and AM-LPC groups. The corpus callosum, a classical white matter structure, is
also visible. HE (A) and LFB (B) stainings. Original magnification: 10×.
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and the Mode parameter of the red channel was recorded as a
representative measure of the predominant shade of red
staining. The values of the red channel range from 0 to 255,
with lower values indicating more intense red staining (greater
tissue viability), while higher values correspond to less red
shades (lower viability). Thus, the intensity of the red staining
was quantified objectively, allowing a comparison between the
different experimental groups.

Statistical Analysis. The data from the preservation areas
obtained by quantitative image analysis are reported as mean ±
standard deviation (SD). First, the data were submitted to the

Shapiro-Wilk normality test and then, to the parametric test
ANOVA followed by the Tukey’s multiple comparisons test.
The value of p < 0.001 was considered statistically significant
(***). Data analysis and graphing were performed using
GraphPad Prism software, version 5.00 (GraphPad Software,
CA, USA).

■ RESULTS
Histological Analysis. The histological analysis of the

organotypic slices of the C−H group (Figures 1A and 2A)

Figure 4. Photomicrographs of organotypic brain slice in the C−H, C-AM and AM-LPC groups, highlighting the white matter-rich region of the
striatum: longitudinal (asterisk) and transverse (arrows) axons. HE (A) and LFB (B) stainings. Original magnification: 40×.

Figure 5. Photomicrographs of an organotypic brain slice highlighting the microcavitations observed in the C-DEM group (asterisk). HE (A) and
LFB (B) stainings. Original magnification: 40×.

Table 1. Histomorphometric Data in Each of the 3 Brain Slices of the Experimental Groups

experimental group total area (μm2) demyelinated area (μm2) preserved area (μm2) preserved area (%)

C−H
slice 1 7.064.319,455 0 7.064.319,455 100
slice 2 4.548.168,980 0 4.548.168,980 100
slice 3 7.465.376,187 0 7.465.376,187 100

C-DEM
slice 1 3.074.421,719 2.059.862,552 1.014.559,167 33
slice 2 3.920.436,653 2.767.828,277 1.152.608,376 29,4
slice 3 3.024.299,976 2.080.718,383 943.581,592 31,2

C-AM
slice 1 11.113.321,159 0 11.113.321,159 100
slice 2 6.631.408,977 0 6.631.408,977 100
slice 3 9.174.309,715 0 9.174.309,715 100

AM-LPC
slice 1 12.113.304,927 0 12.113.304,927 100
slice 2 4.994.722,019 0 4.994.722,019 100
slice 3 10.324.056,489 0 10.324.056,489 100
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stained with HE and LFB showed an organized brain
parenchyma, with preservation of the cortical layers and a
clear distinction between gray matter and white matter,
indicating the structural and functional integrity of the slices,
in addition to ensuring their viability for the study. In the
region corresponding to white matter, axons were observed in
longitudinal and transversal sections (Figures 3, 4), confirming
the identification of this area as white matter.
Similarly to C−H, the C-AM group (Figures 1B and 2B)

also showed preservation of the structural organization of the
brain parenchyma, with well-defined cortical layers and a clear
distinction between gray matter and white matter, with no
evidence of microcavitations or damage to the integrity of the
slices. These findings indicate that AM did not promote
adverse structural changes, suggesting its biocompatibility and
safety when applied under normal conditions.
The AM-LPC group (Figures 1C and 2C) also presented a

histological organization similar to the C−H and C-AM
groups, showing no areas of demyelination or microcavitations,
indicating that AM was effective in protecting neural tissue
against the damaging effects of LPC, preserving the structural
and functional integrity of the organotypic slices.
In contrast, in the slices belonging to the C-DEM group

(Figures 1D and 2D), a significant loss of structural
organization was observed, with the presence of areas of
microcavitations (Figure 5), indicating damage caused by the
demyelination process induced by LPC.

Quantitative Analysis. The procedure for quantifying the
total area and the demyelinated areas to obtain the preserved
area was performed on three brain slices corresponding to the
C-DEM group. The triplicates of the C−S, C-AM, and AM-
PLC groups were analyzed only for the total area, since they
did not present areas of microcavitations, remaining intact and
without signs of demyelination (Table 1).
After the demyelinated areas of each slice of the C-DEM

group were quantified, the percentage of preserved area of the
slices in relation to the demyelinated area was calculated, and
the results were presented in the form of a graph (Figure 6).
While the C−H, C-AM, and AM-LPC groups presented 100%
of the preserved area, the C-DEM group presented an average
preserved area of 31.2%.

SEM Analysis. SEM analysis provides information about
the topography and surface texture of the tissue analyzed.
Thus, it is possible to infer that the preservation of the uniform
surface appearance is associated with the good integrity of the
myelin sheath in the axons, which was observed in organotypic
slices from the C−H group.

The brain parenchyma of the slices from the C−H group
(Figure 7A) presented a rough surface with homogeneous
characteristics and fine granulations without the presence of
fissures or significant areas of discontinuity. These character-
istics are indicative of healthy brain tissue, with no signs of
evident structural degradation. In addition, there is no
evidence of microcavitations, which suggests that the tissue
layers are preserved.
The slices from the C-AM (Figure 7B) and AM-LPC groups

(Figure 7C) presented an aspect of increased surface
roughness, demonstrating coarser granulations. Due to the
absence of discontinuities and ruptures in the general
morphology, it is suggested that the increased roughness
results from an increase in the general thickening of nerve
fibers in the brain parenchyma, considering the biostimulating
properties of AM.
In contrast, the slices from the C-DEM group (Figure 7D)

showed regions of cavitation (formation of spaces in the
tissue), indicating cellular damage and structural destruction.
In addition, areas with fibers that appear disordered and
dispersed were also observed, which would normally be
homogeneous and with well-organized fibers, as observed in
the slices from the C−H group.
In the surface roughness analysis, it was observed that the

C−H group presented an average standard deviation of 40.95,
while the C-AM group presented an average standard deviation
of 41.96. The AM-LPC group demonstrated greater roughness
with a value of 51.61, followed by the C-DEM group with
50.03. These results indicate an increase in surface roughness
in the AM-LPC and C-DEM groups, in relation to the C−H
and C-AM groups, suggesting greater roughness in the samples
subjected to demyelination and intervention with the
membrane. The results of the quantitative analysis of surface
roughness were presented in the form of a graph (Figure 8).
In the fissures analysis using the thresholding tool

(Threshold), the percentage of dark pixels (black values)
were considered as indicative of the presence of fissured areas
in the images. The C−H group presented 6.25% of the dark
area, while the C-AM group presented 11.37%. The AM-LPC
group exhibited 20.93% and the C-DEM group presented the
highest percentage, with 24.54% (Figure 9). The results of the
fissure analysis, obtained through the thresholding tool, were
presented in the form of a graph (Figure 10).
In order to differentiate the greater roughness of the

parenchyma from areas of fissures, a three-dimensional analysis
of the surfaces was performed by using 3D graphics generated
in the ImageJ software. The 3D analysis revealed that in the
C−H, C-AM, and AM-LPC groups, a more uniform and
elevated surface was observed, with peaks distributed in a
dense and less abrupt manner, in addition to a few dark areas
indicating shallower depressions. In contrast, the C-DEM
group presented a more irregular surface, with a clear presence
of dark regions representing deep valleys, in addition to visibly
more depressed areas (Figure 11). The variation between
peaks and valleys was more pronounced in this group,
reflecting greater topographic unevenness and a possible
compromise of the integrity of the surface structure.

Metabolic Activity with 2,3,5-Triphenyltetrazolium
Chloride (TTC). From the analysis with 2,3,5-triphenylte-
trazolium chloride (TTC), which aims to detect cell viability, it
was found that the slices of the C−H group (Figure 12A) and
the C-AM group (Figure 12B) were strongly stained red,
indicating preservation of cell integrity and high metabolic

Figure 6. Quantitative analysis of the preservation area in
experimental groups. Mean ± SD of preservation area in the
experimental groups. ***p < 0.001. ANOVA and Tukey Test.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c02999
ACS Omega 2025, 10, 33162−33177

33168

https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c02999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


activity. Likewise, the slice of the AM-LPC group (Figure 12C)
was also strongly stained red, indicating the preservation of
metabolic activity, even when LPC was applied.
In contrast, the slice of the C-DEM group (Figure 12D)

presented weaker and more irregular staining, indicating a
compromised cell viability in the regions affected by LPC.
The analysis of TTC staining using the red channel in

ImageJ software corroborates the qualitative analysis through
images, reinforcing the visual distinction between the groups
regarding tissue viability. The C−H, AM-LPC, and C-AM
groups presented lower values in the mode parameter of the
histogram, respectively, 139, 136, and 150, indicating intense
red staining, compatible with high tissue viability. In contrast,
the C-DEM group presented the highest value, 184, which
indicates a significant reduction in red staining, which is

compatible with lower mitochondrial activity and, therefore,
lower tissue viability. The results of the TTC staining analysis
were presented in the form of a graph (Figure 13).

■ DISCUSSION
This study presented an innovative approach by investigating
the protective potential of AM against LPC-induced
demyelination in organotypic mouse brain slices, a widely
used model, but still little explored using AM, since there are
no studies using the amniotic membrane with this model. A
particularly relevant and differentiating aspect is the fact that
most of the therapeutic agents tested in this model were
administered in liquid form, while AM was applied directly to
the slices as a physical layer.
The histological analysis of the organotypic slices in the C−

H group revealed preserved structural organization with well-
defined cortical layers and a clear distinction between gray
matter and white matter. The central nervous system (CNS)
presents a complex and highly specialized histological
organization essential for its functions. In the gray matter,
molecular, granular, and pyramidal layers are observed, with
the molecular layer presenting horizontalized axons and a few
neurons, the granular layer rich in small granulosa cells, and the
pyramidal layer containing large pyramidal neurons.36 This
stratified organization reflects the functional integrity of
normal brain tissue and corroborates the findings in the C−
H group, where the cortical histoarchitecture remained
preserved.
Similarly, in the C-AM group, the architecture of the brain

parenchyma was also maintained with no evidence of structural
damage or significant morphological changes. The white
matter is characterized histologically by the predominant

Figure 7. Electron micrographs of organotypic brain slices in the experimental groups: C−H (A), C-AM (B), AM-LPC (C), and C-DEM (D).
Cavitations observed in C-DEM group (arrow). Magnification: 500 KX. Scale: 20 μm.

Figure 8. Comparative analysis of surface roughness between
experimental groups: C−H, C-AM, AM-LPC, and C-DEM. Greater
roughness is observed in the C-DEM and AM-LPC groups, compared
to the control groups C−H and C-AM. ***p < 0.001. ANOVA and
Tukey tests.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c02999
ACS Omega 2025, 10, 33162−33177

33169

https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02999?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c02999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


presence of axons surrounded by a myelin sheath. The nerve
fibers may be presented longitudinally, in which it is possible to
observe the axon cut along its axis or transversely. In the latter,
it is possible to visualize the absence of myelin, which was
dissolved during the histological preparation, and within the
clear space, where there was myelin, dark structures can be
observed that correspond to the transversely sectioned axons.37

The preservation of these histological characteristics in the C-
AM group indicates that AM does not compromise tissue
integrity, suggesting its biocompatibility and safety. This
finding is in line with its growing recognition as a promising
biocompatible scaffold for tissue engineering applications, due

to its low immunogenicity, anti-inflammatory properties, and
ability to support cell growth.38 To enhance these character-
istics, researchers have explored methods to improve its
mechanical properties and reduce biodegradation through
cross-linking and detoxification processes.39 Studies demon-
strate that, compared to porcine small intestinal submucosa,
AM presents superior biocompatibility and greater angiogenic
potential in intraperitoneal mesh repair.40 Furthermore, the
incorporation of its bioactive macromolecules into artificial
corneas reinforces its biocompatibility and antiangiogenic
properties.41

Under conditions of demyelination, such as those exper-
imentally induced by LPC, a significant disorganization of this
histological architecture is observed. Studies have shown that
injection of LPC into white matter tracts caused rapid myelin
degradation, characterized by splitting of the myelin sheaths
and formation of disorganized networks around axons.42

Furthermore, injection of LPC into the lateral olfactory tract
and anterior commissure caused significant disorganization of
the histological architecture, evidenced by immunohistochem-
istry and SEM, promoting significant demyelination within 7
days after LPC injection.43 Loss of myelin compromises the
structural and functional integrity of the brain parenchyma,
resulting in visible morphological changes, such as reduced
axonal density, changes in the arrangement of glial cells, and
disorganization of neuronal layers.44

In the present study, an analysis of HE and LFB staining
revealed that, in the organotypic slices subjected to
demyelination, tissue disorganization became evident, with a
reduction in the preserved area of 33.2%, while the C−H, C-
AM, and AM-LPC groups showed 100% tissue preservation.

Figure 9. Electron micrographs of organotypic brain slices in the experimental groups after processing with the thresholding tool (Threshold): C−
H (A), C-AM (B), AM-LPC (C), and C-DEM (D). The images highlight the darkened areas resulting from the processing with visible fissures in
the C-DEM group (arrow). Magnification: 500 KX. Scale: 20 μm.

Figure 10. Quantitative analysis of the fissured area in the images of
the different experimental groups based on thresholding by Thresh-
old. An increase in dark pixels (indicative of fissures) can be observed
in the C-DEM group compared to the C−H and C-AM groups. The
AM-LPC group also presented a higher percentage of dark areas in
relation to the C−H and C-AM groups. ***p < 0.001. ANOVA and
Tukey tests.
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The parenchyma, which normally presents well-defined and
recognizable histological layers, was altered, exhibiting
interruptions in the continuity of these layers. A particularly
relevant finding, identified through histological analysis, was
the presence of microcavities in the demyelinated slices. The
loss of myelin resulted in a white matter with irregularities and
microcavitations, as was observed in a study with dogs with
distemper, in which nervous tissue degeneration was observed,
characterized by microcavitations in the brain tissue.45 In
contrast, the slices protected by AM did not present
microcavitations and maintained the histological organization
of the brain parenchyma being preserved. These results suggest
that AM acted as an effective physical barrier, being
impermeable to the penetration of LPC, and prevented the
demyelinating agent from compromising the structural
integrity of the brain tissue.
AM serves as an effective barrier due to its unique ECM

composition, which consists of a dense network of collagen,
structural proteins, and proteoglycans, contributing to its
impermeability.17,46 The dense and organized ECM prevents

the diffusion of molecules, including demyelinating agents,
which could compromise the integrity of adjacent tissues. Due
to its composition of hyaluronate and other glycosaminogly-
cans, the ECM allows AM to act as a selective barrier,
regulating the diffusion of molecules based on their charge.
This electrostatic filtering mechanism allows uncharged
particles to diffuse easily while trapping charged ones,
contributing to AM’s hydrophobic properties, limiting the
penetration of hydrophilic substances,47,48 enhancing its action
as a selective barrier.
The interaction of LPC with lipid membranes is directly

related to its ability to diffuse and interact with myelin sheaths,
compromising their structural integrity. In contrast, AM has
been shown to be an effective physical barrier thanks to its
elasticity and mechanical resistance. Its viscoelastic properties,
such as creep, stress relaxation, and elastic recovery, give it the
ability to withstand significant mechanical stresses, ensuring its
protective function in different biological contexts.49−51

Furthermore, these characteristics vary between the different

Figure 11. Three-dimensional representations of the tissue surface in the different experimental groups: C−H (A), C-AM (B), AM-LPC (C), and
C-DEM (D). The 3D images were generated from the variation in the intensity of the grayscale pixels, reflecting the topography of the analyzed
surface.
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regions of the AM, with the placental area being the most
resistant and elastic when compared to the peripheral areas.52

This combination of biomechanical characteristics makes
AM a fundamental element in fetal protection, by acting as a
physical and physiological barrier against external agents.
During gestation, the ECM of the AM undergoes physiological
remodeling, a process that involves the secretion of growth
factors, cytokines and matrix proteins, in order to maintain
structural integrity while allowing expansion during fetal
growth.53 Its structured layers of collagen and fetal cells ensure
not only mechanical support but also immunological and
endocrine functions that are fundamental for embryonic
development, protecting against microbial infections and
other environmental aggressions.54−56

In addition to its role in pregnancy, these same
biomechanical and protective properties of AM have been
explored for therapeutic purposes in different adult tissues. Its
resistance and ability to modulate the inflammatory response

have demonstrated beneficial effects in ophthalmology and
dermatology, especially in the treatment of corneal ulcers,
including infectious and perforating cases as well as chronic
wounds. AM transplantation provides biochemical and
mechanical support for corneal healing, favoring epithelializa-
tion and reducing inflammation.57 In addition, AM has
demonstrated significant potential in the regeneration of
chronic wounds, being able to modulate signaling pathways,
such as TGF-β and EGF, and restore compromised healing
processes, promoting re-epithelialization.58

The results of this study confirmed that the impermeability
of AM was crucial to creating a physical barrier that prevented
the direct interaction of LPC with the surface of the
organotypic slices. This barrier preserved myelin in addition
to maintaining the histological and functional architecture of
the tissue. These findings suggest that AM not only acts as an
effective protection against demyelinating agents but also
contributes to the preservation of the structural integrity of the
brain parenchyma under experimental conditions induced by
LPC.
However, in the context of MS, AM has a therapeutic

potential that goes beyond its properties as a physical barrier
since it has structural and functional characteristics that are not
merely passive, such as the presence of bioactive soluble
factors. These are molecules, such as growth factors and ECM
proteins, that are released by AM into the extracellular
environment, being capable of modulating cellular and
inflammatory responses that can influence the regeneration
process and cell viability.59−61 Thus, it is suggested that these
soluble factors can act directly on the neuronal microenviron-
ment, modulating inflammation and reducing damage to the
brain parenchyma, Thus, it is suggested that these soluble
factors may act directly on the neuronal microenvironment,
modulating inflammation and reducing damage to the brain
parenchyma, potentially having an active neuroprotective role.
Studies demonstrate that AM-derived mesenchymal stem cells

Figure 12. Macroscopic aspect of organotypic brain slices in the experimental groups C−H (A), C-AM (B), AM-LPC (C), and C-DEM (D),
stained with TTC.

Figure 13. Quantitative analysis of TTC staining in different
experimental groups: C−H, C-DEM, C-AM, and AM-LPC. A greater
loss of viability was observed in the C-DEM group, while the C−H,
C-AM, and AM-LPC groups presented more intense staining,
compatible with greater cell preservation. ***p < 0.001. ANOVA
and Tukey tests.
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are capable of secreting a set of bioactive molecules, known as
secretomes, which act multifactorially on injured neural tissue.
The medium conditioned by these cells significantly reduced
infarct volume, cerebral edema, and the expression of apoptotic
markers in a model of focal cerebral ischemia, indicating a
direct protective effect on neurons.62 Furthermore, placental
secretome has demonstrated protective effects in models of
acute brain injury, modulating the inflammatory microenviron-
ment, reducing secondary damage, and promoting tissue repair
through the release of bioactive molecules, the secretome, with
anti-inflammatory, antioxidant, and pro-regenerative actions.63

Additionally, human amniotic stem cells exhibit immunomo-
dulatory, antioxidant, and proneurogenic properties, in
addition to promoting vascular stability and the expression of
neurotrophic factors. These mechanisms may contribute to the
preservation of neural integrity and promote regeneration in
demyelinating diseases such as MS.64 Thus, although the
present study did not directly explore these pathways, the
observed effects suggest that, in addition to its barrier function,
AM may play an active role in the protection of neural tissue,
possibly mediated by these mechanisms already described in
the literature.
Despite the promising properties of AM, it was not possible

to observe remyelination of the organotypic slices in this study
during the established experimental period. The remyelination
process involves oligodendrocyte progenitor cells (OPCs)
proliferating, migrating to demyelinated areas and differ-
entiating into mature oligodendrocytes to form new myelin
sheaths.65 This process requires time for OPCs to progress
through these stages.66,67 Therefore, future studies involving
cultures for longer periods so that the progenitor cells can
differentiate into oligodendrocytes would be necessary to verify
the ability of AM to promote remyelination in the model used.
Although the histological analysis performed in this study

did not aim to directly evaluate remyelination since the
objective was to verify whether AM could protect the
organotypic slice from LPC infiltration, a topographic analysis
of the tissue surface performed by SEM revealed additional
aspects of the action of AM on the nervous tissue. It was
observed that the slices from the AM-LPC and C-DEM groups
presented a general appearance of thickening of the nerve
fibers in the brain parenchyma, unlike the C−H and C-AM
groups, which exhibited a finer roughness.
This difference was confirmed quantitatively through surface

roughness analysis, which demonstrated significantly higher
values in the AM-LPC (51.61) and C-DEM (50.03) groups
compared with the control groups C−H (40.95) and C-AM
(41.96). Statistical analysis indicated that all groups differed
from each other in a statistically significant manner, but the
most pronounced difference was between the AM-LPC and C-
DEM groups in relation to the C−H and C-AM groups. This
increase in roughness may be related to changes in the
parenchymal architecture caused by both demyelination and
the response to AM intervention.
Furthermore, fissures analysis, based on thresholding by

Threshold, indicated a higher percentage of dark areas in the
AM-LPC groups (20.93%) and, especially, in the C-DEM
group (24.54%), in relation to the C−H (6.25%) and C-AM
(11.37%) groups. These dark areas were initially interpreted as
possible fissures, that is, structural discontinuities in the tissue.
However, it is important to consider that the thresholding tool
used operates on 2D images, which limits its ability to
differentiate true fissures from superficial porosities. While

fissures imply marked recesses and slopes in the tissue, porosity
may present a similar appearance in the 2D image, without
necessarily representing a rupture or deep structural failure.
To overcome this limitation, a three-dimensional analysis of

the surfaces was performed using 3D graphics generated in
ImageJ software, allowing for more precise observation of the
tissue topography. This approach revealed that although the C-
DEM group presented a visibly more irregular surface, with
deep regions and depressed areas (characteristics consistent
with fissures), the AM-LPC group showed a more homoge-
neous surface, with smooth elevations and densely distributed
peaks, without abrupt depressions. Thus, the signals initially
interpreted as fissures in the AM-LPC group were more
compatible with areas of greater porosity, associated with
parenchymal thickening and tissue response to the presence of
the membrane, and not with real fissures.
This finding can be interpreted as a result of a possible

bioactive stimulus of AM on the brain parenchyma. Among the
possible actions of this bioactive stimulus are the promotion of
oligodendrocyte precursor cell (OPC) differentiation, which
contributes to myelin sheath formation, and the stimulation of
pre-existing oligodendrocytes to enhance their functional
activity. Previous studies have demonstrated that neuronal
stimulation, such as optogenetics in mouse motor cortex
neurons, promotes OPC proliferation, increases oligodendro-
cyte differentiation, and enhances myelination in cortical and
subcortical regions.68 In demyelinating conditions, moderate
neuronal stimulation may play a significant role in inducing
OPC differentiation and favoring functional myelin repair.69 In
this context, studies demonstrate that amniotic epithelial cells
have the ability to modulate the neural microenvironment
through the secretion of growth factors that promote anti-
inflammatory effects, favoring oligodendrocyte survival and
functionality. Furthermore, the combination of AM-derived
factors with sphingosine-1-phosphate (S1P) receptor modu-
lators, such as ponesimod, has been shown to reduce
oligodendrocyte apoptosis and increase their viability,
suggesting a more conducive environment for remyelination.70

Some studies aim to evaluate the therapeutic effects of
isolated AM cells on experimental models of autoimmune
neuroinflammatory diseases such as experimental autoimmune
encephalomyelitis (EAE). Studies have shown that human
amnion mesenchymal cells (hAMC) significantly reduced the
severity of EAE in mice by inhibiting the production of pro-
inflammatory cytokines (IFN-γ, TNF-α, IL-1β and IL-17A)
and decreasing the presence of CD4+ and CD8+ T cells in the
CNS. Furthermore, the application of hAMC increased the
production of neurotrophic factors (NGF, CNTF, and
BDNF), favoring neuronal regeneration.71 Similarly, human
amnion epithelial cells (hAECs) demonstrated immunomodu-
latory properties, suppressing the proliferation and activation
of T cells, reducing the production of IL-17A and promoting
the expansion of regulatory T and Th2 cells. In vivo, treatment
with hAECs not only inhibited the development of EAE but
also prevented its recurrence, reinforcing its role in regulating
the immune response.72

The findings of the present study, obtained through
histological, metabolic, and SEM analyses, indicate that the
direct application of AM to nervous tissue was effective as a
physical barrier against LPC-induced demyelination and in
preserving brain tissue architecture. These effects suggest that,
in addition to its mechanical function, AM actively modulates
cellular processes in the neural microenvironment, possibly
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through the release of bioactive factors,73 which is not
observed with inert materials. This application highlights the
versatility of AM, demonstrating its effectiveness both as a
physical barrier and as a source of bioactive factors,
highlighting the importance of biomaterials in reconstructing
the natural cellular microenvironment, providing mechanical
support and signals for differentiation.74

This hypothesis is consistent with established evidence in
the literature, which attributes a relevant role to the AM
secretome, composed of anti-inflammatory cytokines, growth
factors, extracellular vesicles, and microRNAs, in modulating
the injured tissue environment.75−77 Studies demonstrate that
these components act in a coordinated manner to attenuate
inflammation, promote neuroprotection, cell regeneration, and
myelin repair, as evidenced, for example, by the neuro-
protective effects of the ST266 secretome in experimental
models of MS.76,77 However, it is observed that AM presents
regional heterogeneity in its morphology, marker expression,
and differentiation capacity, in addition to producing
extracellular vesicles in a variable manner between its different
regions, which may influence its therapeutic efficacy.78

Furthermore, perinatal derivatives, such as multipotent stem
cells and their products, have demonstrated great potential in
regenerative medicine, acting primarily through paracrine
mechanisms that modulate the tissue microenvironment and
promote regeneration, although the exact mechanisms are still
poorly understood.79 In this sense, the secretomes derived
from these cells contain important bioactive factors, such as
growth factors and cytokines, which promote essential
processes for healing and vascular stabilization, reinforcing
the biological basis for the use of AM in regenerative
therapies.80 Therefore, although this study did not directly
assess the molecular mechanisms involved, our experimental
data align with a growing body of evidence pointing to the
active role of AM as a source of signaling molecules capable of
modulating the neural microenvironment and contributing to
tissue preservation. These findings strengthen the hypothesis
that the observed protection is due not only to the physical
insulation provided by AM but also to the presence of intrinsic
bioactive properties that differentiate it from inert materials.
In addition to the action of bioactive factors, another

relevant factor is the mechanical influence of the ECM of AM,
which provides physical and biochemical support, facilitating
axon regeneration and functional recovery in peripheral nerve
injuries.81 Its structure mimics the native microenvironment,
offering topographic and chemical cues that guide the
formation and reconstruction of neural tissue.82

Furthermore, corroborating the histomorphometric and
SEM findings, the analysis of TTC staining showed relevant
differences in the cell viability between the experimental
groups. Quantification, performed in the red channel using
ImageJ software, demonstrated that the C−H and C-AM
groups presented lower values in the mode parameter of the
histogram (139 and 150, respectively), indicating more intense
red staining. This staining is associated with the presence of
preserved mitochondrial activity, suggesting high tissue
viability and cell integrity in these groups. The C-DEM
group presented a significantly higher mode value (184),
reflecting a lower intensity of red staining. This finding is
consistent with reduced mitochondrial activity and impaired
cell viability resulting from the demyelinating action of LPC. In
contrast, slices from the AM-LPC group presented intense
staining, with lower values in the mode parameter of the

histogram (136), suggesting that AM was effective in
protecting the tissue against the demyelinating action of
LPC, maintaining cell viability.
The ability of AM cells to increase cell viability was

quantitatively evaluated in a study in which the ST266
secretome, a set of molecules secreted by multipotent
progenitor cells derived from MA, showed neuroprotective
and remyelination-promoting effects in the EAE model.
Intranasal administration of ST266 improved retinal ganglion
cell survival, as assessed by the WST-8 Cell Quantification
Assay, and reduced optic nerve demyelination. Furthermore,
the therapeutic effects were more evident when high molecular
weight proteins of the secretome were preserved, suggesting
that these components play an essential role in neuro-
protection and remyelination.83 In contrast, as observed in
this study, the slices of the C-DEM group exhibited weaker and
more irregular staining, evidencing compromised cell viability
in the affected areas, possibly reflecting the loss of the
structural and functional integrity of the tissue.
The application of AM in the experimental model of

organotypic brain slice culture used in this study highlights the
versatility of AM, demonstrating its efficacy both as a physical
barrier against adverse agents and as a source of bioactive
factors that act in the modulation of the neural microenviron-
ment. Thus, AM proves to be a promising alternative in the
therapy of demyelinating diseases, such as MS. However, to
validate this applicability, additional studies are needed using
experimental models that simulate the autoimmunological
mechanisms of MS, to investigate how AM influences the
specific immunological processes of this condition. These
studies are essential to determine whether the protective and
biostimulatory effects of AM, already observed in this work,
may be relevant in scenarios in which an exacerbated immune
response plays a central role in demyelination. Although the
present study does not directly address the immunological
mechanisms involved in MS, it demonstrates that due to the
constitution of its ECM and the bioactive factors it releases,
AM has promising therapeutic potential in demyelinating
diseases, such as MS.

■ CONCLUSIONS
It is concluded that from the results obtained in this study, AM
was effective in functioning as a protective agent against LPC-
induced demyelination in organotypic brain slices of mice. In
addition to acting as an effective physical barrier, AM showed
bioactive properties that favor the preservation and integrity of
nervous tissue, revealing itself as a promising alternative in
demyelinating diseases.
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Valiente, M.; Nicolás, F. J. Chronic wound healing by amniotic
membrane: TGF-β and EGF signaling modulation in re-epithelializa-
tion. Front. Bioeng. Biotechnol. 2021, 9 (9), No. 689328,
DOI: 10.3389/fbioe.2021.689328.
(59) Islam, R.; Rahman, M. S.; Asaduzzaman, S. M.; Rahman, M. S.
Properties and therapeutic potential of human amniotic membrane.
Asian J. Dermatol. 2014, 7 (1), 1−12.
(60) Sandona,̀ M.; Esposito, F.; Cargnoni, A.; Silini, A.; Romele, P.;
Parolini, O.; Saccone, V. Amniotic membrane-derived stromal cells
release extracellular vesicles that favor regeneration of dystrophic
skeletal muscles. Int. J. Mol. Sci. 2023, 24 (1512457.
(61) Marassi, V.; La Rocca, G.; Placci, A.; Muntiu, A.; Vincenzoni,
F.; Vitali, A.; Desiderio, C.; Maraldi, T.; Beretti, F.; Russo, E.; Miceli,
V.; Conaldi, P. G.; Papait, A.; Romele, P.; Cargnoni, A.; Silini, A. R.;
Alviano, F.; Parolini, O.; Giordani, S.; Zattoni, A.; Reschiglian, P.;
Roda, B. Native characterization and QC profiling of human amniotic
meal stromal cell vesicular fractions for secretome-based therapy.
Talanta 2024, 15 (276), No. 126216, DOI: 10.1016/j.talan-
ta.2024.126216.
(62) Faezi, M.; Nasseri Maleki, S.; Aboutaleb, N.; Nikougoftar, M.
The membrane mesenchymal stem cell derived conditioned medium
exerts neuroprotection against focal cerebral ischemia by targeting
apoptosis. J. Chem. Neuroanat. 2018, 94, 21−31.
(63) Pischiutta, F.; Sammali, E.; Parolini, O.; Carswell, H. V. O.;
Zanier, E. R. Placenta-derived cells for acute brain injury. Cell
Transplant. 2018, 27 (1), 151−167.
(64) Abbasi-Kangevari, M.; Ghamari, S.-H.; Safaeinejad, F.; Bahrami,
S.; Niknejad, H. Potential therapeutic features of human amniotic
mesenchymal stem cells in multiple sclerosis: Immunomodulation,
inflammation suppression, angiogenesis promotion, oxidative stress
inhibition, neurogenesis induction, MMPs regulation, and remyelina-
tion stimulation. Front. Immunol. 2019, 10, 238.
(65) Foerster, S.; Neumann, B.; McClain, C.; Di Canio, L.; Chen, C.
Z.; Reich, D. S.; Simons, B. D.; Franklin, R. J. M. Proliferation is a
requirement for differentiation of oligodendrocyte progenitor cells
during CNS remyelination. bioRxiv 2020, DOI: 10.1101/
2020.05.21.108373.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c02999
ACS Omega 2025, 10, 33162−33177

33176

https://doi.org/10.1590/1414-431x20175692
https://doi.org/10.1590/1414-431x20175692
https://doi.org/10.1590/1414-431x20175692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3791/61044
https://doi.org/10.3791/61044
https://doi.org/10.3791/61044
https://doi.org/10.3791/51835
https://doi.org/10.3791/51835
https://doi.org/10.1017/S155192950006140X
https://doi.org/10.4103/ejd.ejd_401_17
https://doi.org/10.4103/ejd.ejd_401_17
https://doi.org/10.4103/ejd.ejd_401_17
https://doi.org/10.1096/fj.201902818R
https://doi.org/10.1096/fj.201902818R
https://doi.org/10.1096/fj.201902818R
https://doi.org/10.1088/1361-6560/aba0cc
https://doi.org/10.1088/1361-6560/aba0cc
https://doi.org/10.1088/1361-6560/aba0cc
https://doi.org/10.3390/membranes11060387
https://doi.org/10.3390/membranes11060387
https://doi.org/10.1016/j.procbio.2023.03.009
https://doi.org/10.1016/j.procbio.2023.03.009
https://doi.org/10.1021/acsomega.9b03866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b03866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b03866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijbiomac.2020.12.125
https://doi.org/10.1016/j.ijbiomac.2020.12.125
https://doi.org/10.1016/j.ijbiomac.2020.12.125
https://doi.org/10.1242/jcs.10.2.535
https://doi.org/10.1242/jcs.10.2.535
https://doi.org/10.1016/j.neuroscience.2020.03.026
https://doi.org/10.1016/j.neuroscience.2020.03.026
https://doi.org/10.1002/glia.23665
https://doi.org/10.1002/glia.23665
https://doi.org/10.1590/S0004-282X2007000600032
https://doi.org/10.1590/S0004-282X2007000600032
https://doi.org/10.1590/S0004-282X2007000600032
https://doi.org/10.22203/ecm.v015a07
https://doi.org/10.22203/ecm.v015a07
https://doi.org/10.1016/j.bpj.2009.07.009
https://doi.org/10.1016/j.bpj.2009.07.009
https://doi.org/10.1002/adhm.201700739
https://doi.org/10.1002/adhm.201700739
https://doi.org/10.1002/adhm.201700739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adhm.201700739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/jog.12498
https://doi.org/10.1111/jog.12498
https://doi.org/10.3233/BME-161612
https://doi.org/10.3233/BME-161612
https://doi.org/10.1016/j.jmbbm.2019.07.007
https://doi.org/10.1016/j.jmbbm.2019.07.007
https://doi.org/10.1089/wound.2016.0699
https://doi.org/10.1089/wound.2016.0699
https://doi.org/10.1016/j.bbadis.2021.166244
https://doi.org/10.3389/fimmu.2021.735324
https://doi.org/10.3389/fimmu.2021.735324
https://doi.org/10.3389/fimmu.2021.735324
https://doi.org/10.3389/fimmu.2021.735324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.54844/prm.2022.0104
https://doi.org/10.54844/prm.2022.0104
https://doi.org/10.54844/prm.2022.0104
https://doi.org/10.54844/prm.2022.0104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.13181/mji.oa.203849
https://doi.org/10.13181/mji.oa.203849
https://doi.org/10.3389/fbioe.2021.689328
https://doi.org/10.3389/fbioe.2021.689328
https://doi.org/10.3389/fbioe.2021.689328
https://doi.org/10.3389/fbioe.2021.689328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3923/ajd.2015.1.12
https://doi.org/10.3390/ijms241512457
https://doi.org/10.3390/ijms241512457
https://doi.org/10.3390/ijms241512457
https://doi.org/10.1016/j.talanta.2024.126216
https://doi.org/10.1016/j.talanta.2024.126216
https://doi.org/10.1016/j.talanta.2024.126216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.talanta.2024.126216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jchemneu.2018.08.004
https://doi.org/10.1016/j.jchemneu.2018.08.004
https://doi.org/10.1016/j.jchemneu.2018.08.004
https://doi.org/10.1177/0963689717732992
https://doi.org/10.3389/fimmu.2019.00238
https://doi.org/10.3389/fimmu.2019.00238
https://doi.org/10.3389/fimmu.2019.00238
https://doi.org/10.3389/fimmu.2019.00238
https://doi.org/10.3389/fimmu.2019.00238
https://doi.org/10.1101/2020.05.21.108373
https://doi.org/10.1101/2020.05.21.108373
https://doi.org/10.1101/2020.05.21.108373
https://doi.org/10.1101/2020.05.21.108373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/2020.05.21.108373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c02999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(66) Sim, F. J.; Zhao, C.; Penderis, J.; Franklin, R. J. M. The age-
related decrease in CNS remyelination efficiency is attributable to an
impairment of both oligodendrocyte progenitor recruitment and
differentiation. J. Neurosci. 2002, 22 (72451.
(67) Neumann, B.; Kazanis, I. Oligodendrocyte progenitor cells: the
ever mitotic cells of the CNS. Front. Biosci. 2016, 8 (1), 29−43.
(68) Gibson, E. M.; Purger, D.; Mount, C. W.; Goldstein, A. K.; Lin,
G. L.; Wood, L. S.; Inema, I.; Miller, S. E.; Bieri, G.; Zuchero, J. B.;
Barres, B. A.; Woo, P. J.; Vogel, H.; Monje, M. Neuronal activity
promotes oligodendrogenesis and adaptive myelination in the
mammalian brain. J. Child Neurol. 2014, 344 (6183), No. 1252304,
DOI: 10.1126/science.1252304.
(69) Ortiz, F. C.; Habermacher, C.; Graciarena, M.; Houry, P. Y.;
Nishiyama, A.; Nait Oumesmar, B.; Angulo, M. C. Neuronal activity
in vivo enhances functional myelin repair. JCI Insight 2019, 4 (9),
No. e123434, DOI: 10.1172/jci.insight.123434.
(70) Safaeinejad, F.; Asadi, S.; Ghafghazi, S.; Niknejad, H. The
synergistic anti-apoptosis effects of amniotic epithelial stem cell
conditioned medium and ponesimod on the oligodendrocyte cells.
Front. Pharmacol. 2021, 12, No. 691099, DOI: 10.3389/
fphar.2021.691099.
(71) Shu, J.; He, X.; Li, H.; Liu, X.; Qiu, X.; Zhou, T.; Wang, P.;
Huang, X. The beneficial effect of human amnion mesenchymal cells
in inhibition of inflammation and induction of neuronal repair in EAE
mice. J. Immunol. Res. 2018, 20181.
(72) McDonald, C. A.; Payne, N. L.; Sun, G.; Moussa, L.; Siatskas,
C.; Lim, R.; Wallace, E. M.; Jenkin, G.; Bernard, C. C. A.
Immunosuppressive potential of human amnion epithelial cells in
the treatment of experimental autoimmune encephalomyelitis. J.
Neuroinflammation 2015, 12, No. 112, DOI: 10.1186/s12974-015-
0322-8.
(73) Silini, A.; Parolini, O.; Huppertz, B.; Lang, I. Soluble factors of
amnion-derived cells in treatment of inflammatory and fibrotic
pathologies. Curr. Stem Cell Res. Ther. 2013, 8 (1), 6−14.
(74) Farrukh, A.; Zhao, S.; Campo, A. Microenvironments designed
to support growth and function of neuronal cells. Front. Mater. 2018,
5, 62 DOI: 10.3389/fmats.2018.00062.
(75) Fathi, I.; Miki, T. Human amniotic epithelial cells secretome:
Components, bioactivity, and challenges. Front. Med. 2022, 8,
No. 763141.
(76) Khan, R. S.; Dine, K.; Wessel, H.; Brown, L.; Shindler, K. S.
Effects of varying intranasal treatment regimens in ST266-mediated
retinal ganglion cell neuroprotection. J. Neuro-Ophthalmol. 2019, 39
(2), 191−199.
(77) Khan, R. S.; Ross, A. G.; Willett, K.; Dine, K.; Banas, R.; Brown,
L. R.; Shindler, K. S. Amnion-derived multipotent progenitor cells
suppress experimental optic neuritis and myelitis. Neurotherapeutics
2021, 18 (1), 448−459.
(78) Basile, M.; Centurione, L.; Passaretta, F.; Stati, G.; Soritau, O.;
Susman, S.; Gindraux, F.; Silini, A.; Parolini, O.; Di Pietro, R.
Mapping of the human amniotic membrane: In situ detection of
microvesicles secreted by amniotic epithelial cells. Cell Transplant.
2023, 32, No. 09636897231166209.
(79) Gramignoli, R.; Hofmann, N.; Agudo-Barriuso, M.; Antica, M.;
Flores, A. I.; Girandon, L.; Kerdjoudj, H.; Navakauskiene, R.; Schiavi,
J.; Scholz, H.; Shablii, V.; Lafarge, X.; Nicolás, F. J.; Gindraux, F.
Expert revision of key elements for clinical-grade production and
qualification of perinatal derivatives. Stem Cells Transl. Med. 2024, 13
(1), 14−29.
(80) Pichlsberger, M.; Dragin Jerman, U.; Obradovic,́ H.; Tratnjek,
L.; Macedo, A. S.; Mendes, F.; Fonte, P.; Hoegler, A.; Sundl, M.;
Fuchs, J.; Schoeberlein, A.; Kreft, M. E.; Mojsilovic,́ S.; Lang-Olip, I.
Systematic review of the application of perinatal derivatives in animal
models on cutaneous wound healing. Front. Bioeng. Biotechnol. 2021,
9, No. 742858.
(81) Chen, L.; Song, X.; Yao, Z.; Zhou, C.; Yang, J.; Yang, Q.; Chen,
J.; Wu, J.; Sun, Z.; Gu, L.; Ma, Y.; Lee, S.-J.; Zhang, C.; Mao, H.-Q.;
Sun, L. Gelatin nanofiber-reinforced decellularized amniotic mem-
brane promotes axon regeneration and functional recovery in the

surgical treatment of peripheral nerve injury. Biomaterials 2023,
300122207.
(82) Yang, C.-Y.; Huang, W.-Y.; Chen, L.-H.; Liang, N.-W.; Wang,
H.-C.; Lu, J.; Wang, X.; Wang, T.-W. Neural tissue engineering: the
influence of scaffold surface topography and extracellular matrix
microenvironment. J. Mater. Chem. B 2021, 9 (3), 567−584.
(83) Willett, K.; Khan, R. S.; Dine, K.; Wessel, H.; Kirshner, Z. Z.;
Sauer, J. L.; Ellis, A.; Brown, L. R.; Shindler, K. S. Neuroprotection
mediated by ST266 requires full complement of proteins secreted by
amnion-derived multipotent progenitor cells. PLoS One 2021, 16 (1),
No. e0243862, DOI: 10.1371/journal.pone.0243862.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c02999
ACS Omega 2025, 10, 33162−33177

33177

https://doi.org/10.1523/JNEUROSCI.22-07-02451.2002
https://doi.org/10.1523/JNEUROSCI.22-07-02451.2002
https://doi.org/10.1523/JNEUROSCI.22-07-02451.2002
https://doi.org/10.1523/JNEUROSCI.22-07-02451.2002
https://doi.org/10.2741/s444
https://doi.org/10.2741/s444
https://doi.org/10.1126/science.1252304
https://doi.org/10.1126/science.1252304
https://doi.org/10.1126/science.1252304
https://doi.org/10.1126/science.1252304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1172/jci.insight.123434
https://doi.org/10.1172/jci.insight.123434
https://doi.org/10.1172/jci.insight.123434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fphar.2021.691099
https://doi.org/10.3389/fphar.2021.691099
https://doi.org/10.3389/fphar.2021.691099
https://doi.org/10.3389/fphar.2021.691099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fphar.2021.691099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1155/2018/5083797
https://doi.org/10.1155/2018/5083797
https://doi.org/10.1155/2018/5083797
https://doi.org/10.1186/s12974-015-0322-8
https://doi.org/10.1186/s12974-015-0322-8
https://doi.org/10.1186/s12974-015-0322-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12974-015-0322-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2174/1574888X11308010003
https://doi.org/10.2174/1574888X11308010003
https://doi.org/10.2174/1574888X11308010003
https://doi.org/10.3389/fmats.2018.00062
https://doi.org/10.3389/fmats.2018.00062
https://doi.org/10.3389/fmats.2018.00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmed.2021.763141
https://doi.org/10.3389/fmed.2021.763141
https://doi.org/10.1097/WNO.0000000000000760
https://doi.org/10.1097/WNO.0000000000000760
https://doi.org/10.1007/s13311-020-00949-9
https://doi.org/10.1007/s13311-020-00949-9
https://doi.org/10.1177/09636897231166209
https://doi.org/10.1177/09636897231166209
https://doi.org/10.1093/stcltm/szad068
https://doi.org/10.1093/stcltm/szad068
https://doi.org/10.3389/fbioe.2021.742858
https://doi.org/10.3389/fbioe.2021.742858
https://doi.org/10.1016/j.biomaterials.2023.122207
https://doi.org/10.1016/j.biomaterials.2023.122207
https://doi.org/10.1016/j.biomaterials.2023.122207
https://doi.org/10.1039/D0TB01605E
https://doi.org/10.1039/D0TB01605E
https://doi.org/10.1039/D0TB01605E
https://doi.org/10.1371/journal.pone.0243862
https://doi.org/10.1371/journal.pone.0243862
https://doi.org/10.1371/journal.pone.0243862
https://doi.org/10.1371/journal.pone.0243862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c02999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

