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Liver fibrosis resulting from chronic liver injury is characterized by increased extracellular matrix
deposition and inflammation, which leads to excessive scar tissue formation. Targeting activated hepatic
stellate cells (HSCs), which are the primary drivers of fibrogenesis, stands out as one of the most
compelling therapeutic approaches in this regard. In a healthy liver, HSCs remain quiescent and store
vitamin A in cytoplasmic lipid droplets. As a consequence of HSC activation and transdifferentiation to a
proliferative myofibroblast-like state upon fibrotic stimuli, the distinctive phenotypic feature of the lipid
droplets gets lost. While the reversal of activated HSCs is feasible, understanding the quiescent-like state
following injury resolution is crucial for effective fibrosis treatment. This study explores the induced
quiescent-like state of naive immortalized human hepatic stellate (LX-2) cells when treated with soybean
phospholipid that contains 75% phosphatidylcholine (S80). The lipid profile of the newly formed lipid
droplets was analyzed using Raman imaging, which is a label-free technique well-suited for lipidomics.
Results indicate the presence of distinct lipid profiles despite maintaining a quiescent-like state,
suggesting that diverse mechanisms govern the active-to-inactive state transition. Additionally, our
findings support the fact that each hepatic cell state is composed of heterogeneous subpopulations.
This emphasizes the complexity of liver fibrosis and highlights the need for a comprehensive
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Introduction

Chronic liver disease (CLD) has emerged as a global health
issue owing to the absence of approved treatment options.
In CLD, the liver continuously loses its normal parenchyma
and ability to regenerate itself." Cirrhosis, the end stage of CLD,
ranks among the top 10 causes of death, accounting for 0.8
million annual deaths and affecting 160 million people in
2017.” It often leads to functional liver failure and hepatocel-
lular cancer.’ The pathological sequence of CLD (depicted in
Fig. 1) commences with chronic injury caused by various
factors, such as metabolic dysfunction-associated steatotic liver
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understanding of cellular states to develop targeted therapies.

disease (MASLD) and viral hepatitis."* This injury induces
hepatic steatosis, which is characterized by the accumulation
of fat in the liver and can further progress to liver fibrosis. Liver
fibrosis is characterized by the increased deposition of extra-
cellular matrix and inflammation of the liver, which precedes
the formation of pathological amounts of scar tissue and is a
critical intermediate stage in the progression of CLD."

Chronic injury
« Metabolic
Associated Fatty
Liver Disease
{MAFLD)
« Viral hepamis
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Health liver Fatty liver
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Fig. 1 Pathogenetic sequence of Liver disease progression (Fig. 1 was
created with BioRender.).
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Given the potential reversibility of fibrogenesis progression,
a viable approach to address liver fibrosis involves targeting
activated hepatic stellate cells (HSCs), which are the primary
fibrogenic cell type in the liver. These cells predominantly
reside within the space of Disse in the hepatic lobule. In a
healthy liver, HSCs remain quiescent and are characterized
by abundant cytoplasmic lipid droplets (LDs) that serve as
storage sites for retinoids. However, in a fibrotic liver, these
cells undergo transdifferentiation into a proliferative myofibro-
blast-like state, which is commonly referred to as activation.
HSC activation is distinguished by the expression of profibro-
genic transcriptional and secretory properties, accompanied by
loss of the cytoplasmic LDs."*® Therapeutic strategies aim to
either induce apoptosis in activated HSCs or revert them to
their quiescent-like state by restoring the cytoplasmic lipid
droplets. The immortalized human cell line LX-2 is commonly
used as a culture model to investigate the effects of anti-fibrotic
compounds. It exhibits the key features of activated human
HSCs, including retinoid metabolism and fibrogenesis, and the
naive LX-2 cells are present in an activated state.™®”

Dietary supplements like Essenvita™ or Essentiale™ are
commonly used to manage liver disease, particularly in Eastern
European countries. These supplements contain highly puri-
fied extracts of essential phospholipids (EPLs) derived from
soybeans. Evidences indicate that EPLCs possess antioxidant
and anti-inflammatory properties owing to the presence of
(>72%) polyenylphosphatidylcholines (PPCs). Clinical reports
suggest that EPLs provide hepatoprotective benefits. However,
the precise mechanism underlying the potential hepatopro-
tective effects of EPLs remains to be fully understood.”® Our
research group investigated the hepatoprotective effects of
PPCs in an in vitro study using soybean phospholipid with
75% phosphatidylcholine (S80). The treatment of activated LX-2
cells with S80 liposomes resulted in their reversal to the
quiescent-like state.®™?

This study aims to profile the lipid droplets in LX-2 cells
using Raman micro-spectroscopy and understand how various
treatments alter the composition of the cells and LDs. As
documented widely in the literature,”>*® Raman micro-
spectroscopy is a well-established technique for the detection
and analysis of lipid molecules, even in complex environ-
ments, and has also been applied in the study of hepatic
cells.”*??

Our results show that the lipid compositions of profibro-
genic LX-2 cells and quiescent-like induced cells are very
different, as expected. Furthermore, for the first time, we
demonstrated two different treatments for the inactivation of
LX2-cells, including either the administration of a retinol/
palmitic acid mixture®*** or soybean phospholipid (S80)® rich
in polyenylphosphatidylcholine (>75%). Even though both led
to an overexpression of lipids, completely different patterns are
observed in terms of saturation and unsaturation levels. This
finding suggests that the reversion of LX-2 cells from the active
to the inactive state can lead to entirely different cellular
phenotypes, supporting the idea of potential hybrid states for
quiescent, active and quiescent-like HSCs.>®
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Experimental details
Materials and methods

Liposomal formulations. Liposomal formulations, with a
50 mM final lipid concentration, were prepared for treating
LX-2 cells, as described previously.® A film hydration extrusion
method®® was used to produce lipid vesicles containing natural
soybean phospholipid S80, synthetic 1,2-dilinoleoylphospha-
tidyl-choline (DLPC) or 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC). S80 and DOPC were supplied by Lipoid GmbH (Ludwig-
shafen, Germany), and DLPC was from Avanti Polar Lipids
(Alabaster, AL, USA).

Cell culture. LX-2 cells (Merck Millipore, Germany) were
grown at 37 °C in a humidified atmosphere containing 5%
CO, in complete Dulbecco’s Modified Eagle Medium (DMEM,
4.5 g L glucose, phenol red, no r-glutamine, no sodium
pyruvate) supplemented with 1% v/v penicillin/streptomycin
mixture (penicillin: 10000 U mL ™", streptomycin: 10 000 pg mL %),
1% v/v 1-glutamine (200 nM), and 2% v/v fetal bovine serum (FBS).
LX-2 cells, DMEM, FBS penicillin, streptomycin and r-glutamine
were all procured from Merck Millipore, Darmstadt, Germany.

For cell treatments (see below), LX-2 cells were seeded in
12-well microtiter plates containing 1 mL complete medium/
well at a density of 100 000 cells per well. A sterilized CaF, slide
(from Crystran Ltd, Dorset, UK) was placed in each well as a
substrate for cell culture because of the negligible Raman
signal of CaF,. Cells were cultured for 18 h at 37 °C in the
presence of 5% CO, to 70-90% confluency before the treatments.
All treatments were performed with 1 mL per well medium in
12-well plates at 37 °C and 5% CO,.

To avoid interference during Raman imaging, the growth
medium was replaced with serum-free and phenol-red-free
DMEM (from HyClone, Logan, UT, USA) supplemented with
1% v/v penicillin/streptomycin and 1% v/v 1-glutamine before
Raman experiments.

Cell treatments. Treatments were directly carried out on
naive LX-2 cells. The experimental medium used for all treat-
ments was serum-free DMEM supplemented with 1% v/v peni-
cillin/streptomycin and 1% v/v L-glutamine.

In the case of cell activation, the serum-free experimental
medium was added along with phosphate-buffered saline (PBS,
with 0.1% w/v BSA; 10 ug mL™ ") containing TGF-B; up to a final
concentration of 10 ng mL~" (TGF-B; was supplied by Merck
Millipore, Darmstadt, Germany). After discarding the culture
medium and rinsing the cells with PBS, LX-2 cells were cultured

in this medium for 24 h*”*® to induce a prolonged fibrogenic

state.>*’

In the case of cell inactivation, retinol and palmitic acid
(ROL + PA, Sigma-Aldrich, Schnelldorf, Germany) or the lipo-
somal formulations described above (S80, DLPC, or DOPC)
were mixed with the serum-free experimental medium. The
ROL + PA stock solutions were mixed with the experimental
serum-free medium up to concentrations of 10 pM ROL and
300 UM PA;** each liposomal formulation (S80, DLPC, or DOPC)
was mixed with the experimental serum-free medium to achieve
a final lipid concentration of 5 mM.? For the inactivation step,

This journal is © The Royal Society of Chemistry 2025
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after discarding the culture medium and rinsing with PBS, the
LX-2 cells were incubated for 24 h in each medium prepared with
ROL + PA or one of the liposomal formulations.

Cell fixation. After cell treatments and prior to Raman
measurements, the cells were fixed with 4% formalin (Sigma-
Aldrich) for 15 minutes at room temperature and rinsed
with PBS.

Raman micro-spectroscopy measurements. Raman micro-
spectroscopy was performed using a Witec Alpha-R300 instru-
ment equipped with a 532 nm wavelength laser source. Laser
power of 10 mW cm™ > was focused through a 50x/0.75 NA
objective in air on the sample. The focused laser beam scanned
over the fixated cells in a raster fashion with a 0.4 um step size,
which was comparable with the diffraction limit of the optical
setup. The Raman spectra were recorded in the spectral region
between 400 and 3200 cm™ ' using a 600 lines per mm grating.
The spectra were acquired with an integration time of typically
1.0 s, and one spectrum was collected per scanned pixel, thus
producing a hyperspectral dataset of the cellular samples.

Raman micro-imaging. The collected Raman datasets
were pre-processed before further analysis so that the data of
different cell cultures obtained at different times were compar-
able to each other. First, a baseline subtraction was performed
on each single-cell dataset by subtracting a first-order line in
the high-frequency region (2600-3100 cm ") and a fourth-order
polynomial curve at low frequencies in the fingerprint region
(400-1800 cm™ ). Subsequently, each Raman map was normal-
ized to the maximum spectral area recorded in the map, thus
scaling the signals of the different maps to the same intensity

DMEM TGF

ROL+PA
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range. Then, all cells belonging to the same cell treatment
group were grouped together to assess their common spectral
features by principal component analysis (PCA) followed by
K-means cluster analysis (KCA). All the preprocessing and
analysis steps were performed using the freely available Raman
Tool Set software package.>®

Results
Raman micro-spectroscopy and K-means cluster analysis

The lipid droplets in LX-2 cells subjected to various treatments
were characterized. After incubation and rinsing, the cells were
mapped by Raman micro-spectroscopy, and the hyperspectral
datasets were analyzed by K-means cluster analysis after proper
preprocessing of the spectra. Fig. 2 displays the results of KCA
clustering alongside the optical images of the analyzed cells;
the red rectangles show the mapped areas. Each treatment
group included data from 3 cells. Due to the limited Raman
signal recorded from the outer regions of the cells, the scanned
areas (red rectangles in the optical images) sometimes covered
only the central part of the cell.

In Fig. 3, the average Raman signals of each cluster shown in
Fig. 2 are presented; the curve colors correspond to the cluster
colors. The average spectra are categorized based on cell treat-
ment, and only the most representative spectra are shown for
each treatment. The signal in the high-frequency region in
Fig. 3 has been reduced by a factor of 2 to enhance the visibility
of the low-frequency region.

S80

Fig. 2 Optical images and clustering analysis of the different cell treatments based on Raman imaging. Each column of the figure displays 3 cells from
each treatment group. DMEM: naive, profibrogenic LX-2 cells as the control cells; TGF: DMEM cells treated with transforming growth factor to
exacerbate the activation of HSCs; ROL + PA: DMEM cells treated with a mixture of retinol and palmitic acid to induce quiescence; S80 and DLPC: DMEM
cells treated with soybean phospholipid and 1,2-dilinoleoyl-sn-glycero-3-phosphocholine, respectively, for achieving inactivation; DOPC: DMEM cells
treated with 1,2-dioleoyl-sn-glycero-3-phosphocholine as the negative control. Scale bar (top-right optical image) is 10 um for all images.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Most representative average Raman spectra of the LX-2 cells. Each graph shows the average spectra computed from the clustered regions
marked in Fig. 2, and the spectral colors correspond to the cluster colors. For each cluster map of Fig. 2, only the most representative spectra are shown
in the graphs. Across the cell treatments, blue color is ascribed to nuclear regions and reddish colors (dark red, red and magenta) are ascribed to lipids.
In all the graphs, the Raman intensities in the high-frequency region from 2650 to 3100 cm™ are reduced by a factor of 2 for clarity.

For all cell treatments, the blue spectra indicate DNA
spectral features; the peaks at 783, 1340, and 1578 cm ™' are
assigned to DNA base vibrations,*'** while the 1090 cm ™" band
is typical of the DNA backbone vibration.*"** Therefore, these
clusters are assigned to nuclear regions. The cyan curves dis-
play the distinctive peaks of Cytochrome-C (CytC)**™” at 750,
1125, and 1585 cm™ " among others, suggesting an association
with mitochondria.

In contrast to other treatment groups, LX-2 cells treated with
S80 exhibited a distinct spectral profile characterized by the
presence of both DNA features (blue cluster in Fig. 2) and a
combination of DNA and CytC features (dark cyan cluster in
Fig. 2). This observation indicates an overlap of the spectral
markers associated with nuclear DNA and mitochondrial CytC
within the dark cyan cluster. The average curves of the yellow
clusters (not shown in Fig. 3) resembled the blue curve very
closely but with a significantly smaller intensity and could be
attributed to a perinuclear region.

Both the dark and light green clusters exhibited an overall
spectral behavior very similar to the average signal of the whole
cell but with a decreased general intensity. Notably, the general
intensity of the light green signal was smaller than the dark
green signal. Both these clusters were assigned to the cytoplas-
mic and peripheral cellular regions. These observations suggest
that the LX-2 cells exhibit strong adhesion to the substrate, and
their thin cytoplasmic and outer regions result in a significant
reduction in Raman signal intensity.

Finally, the red and magenta clusters (Fig. 2) indicate lipid-
rich areas, and the ratio of the peak intensity at 2850 or
2880 cm ™' (CH, stretching vibrations) to 2930 cm ' (CH;
vibrations) was used as the lipidic Raman marker (the higher
the ratio, the higher the lipidic content).?® In lipidic regions,
red and magenta were used to indicate different kinds of lipids
based on spectral features observed in the average spectra.
To differentiate between the signal intensities, dark red and
dark magenta were used for smaller signals, while red and

4088 | J Mater. Chem. B, 2025, 13, 4085-4093

magenta were used for larger signals. The most intense lipidic
signals were detected in cells treated with S80 and the positive
control ROL + PA, while a lesser intensity was observed in
the DLPC-treated cells. This observation aligns with previous
results reported using the same treatment,® indicating that S80
induces LDs and the positive control ROL + PA. These findings
suggest the potential restoration of LX-2 cells to a quiescent-like
state when treated with S80.

Lipid droplet quantification

The quantification of lipid droplets was performed using a
simple geometric ratio of the total count of lipid-expressing
pixels to the total number of cell pixels for each treatment. This
calculation provided the percentage of lipid area relative to
the treated cells, which is presented as a histogram in Fig. 4.
The histogram demonstrates that the S80-treated cells pro-
duced the highest number of LDs, followed by the ROL + PA-
treated cells.

Additionally, the average spectra of the lipidic pixels are
displayed in the bottom panel of Fig. 4. Initially, the spectral
profiles of all treated cells appeared similar, except for that of
the ROL + PA-treated cells. The Raman spectra of these cells
were characterized by unusually high intensities localized to
specific narrow regions, with distinctive features markedly
different from the other curves, prompting the display of two
average spectra for ROL + PA cells in Fig. 4. The black curve
represents lipidic signals consistent with the other treated cells,
while the red curve corresponds to the recorded average spec-
trum from the magenta regions of the ROL + PA cells marked in
Fig. 2 and the corresponding magenta spectrum in Fig. 3.

All analyses were initially conducted separately for each cell
treatment. However, to enable comparison among the treated
cells, a unified dataset was created by combining all the lipid
Raman data recorded. This integrated dataset was then sub-
jected to KCA for cluster analysis, allowing for quantitative
comparisons among lipid clusters across different treatments.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Lipid expression (top panel) and the characteristic average Raman
spectra recorded over the lipidic regions (bottom panel). Lipid expression
is estimated as the ratio of lipid pixels to the total number of pixels for each
cell treatment. The bottom panel shows the average spectrum for each
cell treatment. In the case of ROL + PA treatment, two different average
spectra are displayed owing to the peculiar profile of the red curve.

The results of this approach are presented in Fig. 5, in which
the lipidic pixels are clustered into four distinct groups. These
lipidic groups are labeled with different colors, and the clusters
are overlaid on the optical images of the cells in the top panel
of Fig. 5. In the bottom panel, the average spectrum of each
cluster is shown in the corresponding color (Note: the colors
used in Fig. 5 are distinct from those in previous figures). It is
evident that ROL + PA-treated cells were predominantly linked
to the red and green clusters, whereas the other cell lines
exhibited significantly higher contents of blue and dark-blue
clusters. The average spectra (Fig. 5) provide chemical informa-
tion about the different lipidic clusters.

The sharp and intense peaks in the red spectrum at 2880,
1298, 1128 and 1064 cm " are typical markers of saturated fatty
acids."®° Moreover, the sharpness of these peaks suggests that
the lipids in the red regions were in a highly ordered, solid-like
phase. The green spectrum exhibits a relatively intense signal
(compared to the blue and dark-blue curves) at 2880 cm ™' but
with a much broader shape compared with the red curve. The
appearance of this distinct peak at 2880 cm ™', rather than a
shoulder, further indicates the presence of saturated lipids.
However, all indicators of saturated lipids (2880, 1298, and

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Cluster analysis of the lipid signals as a whole: the lipidic spectra
recorded for all cell treatments are pooled into a single dataset and
analyzed by KCA-clustering using 4 different classes. Their distribution is
shown in the top panel, while the bottom panel reports the average
spectra of these lipidic clusters. Red curve, and the corresponding red
cluster, exhibit the typical behavior of saturated lipids; green curve is a
superposition of a few saturated lipid features with unsaturated lipids; blue
and dark blue curves are typical of unsaturated lipids, of which the dark
blue curve displays slightly larger spectral indicators of unsaturation.

1128 cm ™ ') exhibit lower intensities compared with those of the
red curve. Moreover, the 1655-t0-1440 cm ™' peak ratio is much

J. Mater. Chem. B, 2025, 13, 4085-4093 | 4089
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larger than the other spectra, where the peak at 1655 cm™ " is
attributed to the double C—C bonds of unsaturated fatty acid
chains.?® All these features suggest the presence of both satu-
rated and unsaturated lipids in the green region. This aligns
with the broader shape of the peak, which is indicative of a
more disordered, liquid-like phase typical of unsaturated fatty
acids. Finally, in the blue and dark-blue curves, the high-
frequency regions are devoid of the characteristic spectral
features of saturated lipids and display a concurrent shift
from 1298 to 1307 cm ™' along with increasing peak ratios at
1655/1440 cm ™' and 1266/1307 cm™ ', all indicating the
presence of unsaturated fatty acids.?® These two curves are very
similar to each other, and the most remarkable difference is the
lower intensity of the blue curve. However, the 1266/1307 cm™*
ratio is slightly increased in the dark-blue spectrum.

A comparison between the lipidic signals recorded from the
cells (red, green, blue and dark blue curves) and measurements
from pure fatty acids with different unsaturation degrees is
shown in Fig. 6 in order to provide more quantitative evidence
for the above comments. The produced calibration chart shows
the Raman measurements of the pure fatty acids (black circles),
and the data from our lipidic spectra are marked as colored
triangles on the same chart.

In summary, it can be deduced from the spectral analysis
that the ROL + PA cells overexpressed large clusters of saturated
lipids along with regions of mixed saturated and unsaturated
lipids. These high saturation levels are likely a direct conse-
quence of treatment with palmitic acid. In comparison, S80

1 POA“‘

o — 0.40 =
© Oleic o
g 0.8 Eo
[ A 0.30
[} c
£ P

-
~06 0.16 2
T . . ©
o Linoleic Linolenic 2
[ ©
= )
[} A “—
g % / 0.07 o
. 07 o
€ 0.2 Stearic 8
= o
o @
Myristic Arachidonic| — © e

ole °
0 0.2 0.4 0.6 0.8 1

Raman Intensity ratio (1265/1300)

Fig. 6 Calibration chart based on the Voronoi diagram of the Raman
measurements of pure fatty acids. Black full circles indicate the spectral
features of pure fatty acids; the colored triangles are obtained from the
average lipidic spectra of the cell lines; the colormap intensity increases
with the normalized degree of unsaturation (nC:C/nCHZ) of pure fatty
acids. The red triangle is very close to stearic acid and can be assigned
to saturated lipids. The green triangle is halfway between stearic and oleic
acid and can be assigned to a combination of saturated and mono-
unsaturated lipids. The blue and dark blue triangles represent unsaturated
lipids, differing solely by spectral intensity (higher intensities correspond to
higher molecular concentrations).
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cells treated with PPC-rich soybean phospholipid also over-
expressed lipid regions but they were mostly composed of
unsaturated lipids and only a few confined regions with higher
saturation levels. Moreover, in this case, the resulting lipid
profile could be related to the composition of S80.

The DLPC-treated cells demonstrated relatively higher lipid
production compared with untreated cells in DMEM but lower
than that observed in the ROL + PA and S80 cells (histogram in
Fig. 4). Notably, Raman imaging could only detect unsaturated
lipid areas in DLPC-treated cells. As anticipated, cells treated
with TGF-B; and the untreated DMEM control showed the
lowest lipid production (Fig. 4). The negative control, DOPC
(inactive phospholipid), also exhibited a low level of LD pro-
duction, which is considered negligible based on previous
findings.® These observations support the fact that, unlike
S80, not all unsaturated lipids can induce the accumulation
of a significant amount of LDs in cells.

Among the treated cells with the lowest lipid content
(DMEM, TGF, and DOPC), the main distinction was the pre-
sence of a small region of mixed saturated-unsaturated lipids
(green cluster) observed in the DMEM cells, whereas the TGF
and DOPC cells only exhibited unsaturated lipid regions
(blue and dark blue).

Discussion

In the literature, liver fibrosis resulting from injury and its
potential resolution are widely attributed to hepatic stellate
cells (HSC).**>*° The progression model of liver fibrosis includes
quiescent (qHSC), active (aHSCs), and quiescent-like (qIHSCs)
states. Quiescent HSCs are characterized by the abundance of
cytoplasmic lipid droplets, which store vitamin A in the form of
retinyl esters along with other neutralized lipid molecules. Upon
liver injury, quiescent HSCs undergo phenotypic transdifferentia-
tion (activation) into a myofibroblast state. This activation process
is marked by an increased expression of extracellular matrix
(ECM) molecules, such as collagen type 1, and cytoskeletal fila-
ments. The accumulation of ECM components leads to scar tissue
formation in the perisinusoidal space, contributing to the loss of
endothelial fenestrations.®

The transition from quiescent to activated HSCs is asso-
ciated with a highly fibrogenic state and the concomitant loss
of LDs. However, the causal relationship between LD loss and
HSC activation remains uncertain.'®*'™** There is an obvious
agreement that LD catabolism serves to meet the energetic
demands of aHSCs.

As liver damage resolves, the number of aHSCs decreases
through two main pathways: apoptosis and cellular reversion to
a quiescent-like state. Like quiescent cells, quiescent-like-state
HSCs revert to non-fibrogenic cells and form LDs again.
However, qIHSC do not recover the same features of quiescent
cells, and it has been demonstrated that qlHSC respond more
readily to new liver injuries.>*>>**

Based on research evidence that aHSCs can revert to a
quiescent-like state, multiple studies are currently focusing

This journal is © The Royal Society of Chemistry 2025
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on identifying potential therapeutic treatments that target the
transition from active to inactive pathways.®>>***™* In a pre-
vious study,® the role of lipid droplet pathways in this transition
was investigated using soybean phospholipid containing 75%
phosphatidylcholine (S80) in an in-vitro model. The results of
this study showed that treating naive LX-2 cells with S80 caused
LD formation, leading the cells to a quiescent-like state as
compared to the positive control (ROL + PA). Furthermore,
DLPC (the main component of S80), which was used as a
negative control treatment, did not lead to LD formation in
LX-2 cells.

The following discussion mainly focuses on S80 and the
positive control ROL + PA. Raman investigation, which is a
completely different technique compared to fluorescent studies
reported in previous work,® presented similar results in terms
of overall lipidic content. In ROL + PA cells, several lipidic
regions were confined to narrow areas (red and magenta
clusters of ROL + PA in Fig. 2 and red spots of ROL + PA in
Fig. 5) and could be identified as LDs. On the other hand, S80-
treated cells exhibited lipidic regions (Fig. 2, red and magenta
clusters) that were spread over a wider area, but some narrow
spots were also observed (red clusters in Fig. 5), which could be
identified as lipid droplets. Since the presence of LDs after S80
treatment has already been proven,® we hypothesize that cell
fixation and the dry conditions prevalent during Raman ima-
ging experiments could have collapsed the small LDs in the
broader lipidic regions. In ROL + PA-treated cells, the larger
LDs could preserve their morphology and hence are distin-
guishable in the cluster analysis. Moreover, since Raman
imaging has a diffraction-limited spatial resolution, vesicles
smaller than or equal to 0.5 pm would be blurred in our optical
setup, while vesicles in the 0.5-1.0 um range could have easily
overlapped in the Raman images if they were close to each
other. Thus, it can be inferred that S80 treatment induces a
quiescent-like state in LX-2 cells with different phenotypes,
both in terms of the size and content of LDs. The positive
control ROL + PA exhibited mostly large-sized and saturated
lipid droplets, while the S80-treated cells produced much
smaller droplets with significantly lower levels of saturation.

Former works****™*® on HSCs exposed to combinations of
FAs and retinol have mostly focused on the modulation of
genes, cytokines and proteins involved in retinol metabolism
and fibrogenesis. The only lipidomic issue that was properly
addressed was the content of lipid droplets since lipid droplet
loss is a major marker of HSC activation. However, the lipid
profile was poorly investigated. To date, only a few recent works
have investigated the origin of lipid droplets and characterized
them in HSCs, and only upon activation.’®***> Some other
older works have dealt with LD cargos under different dietary
conditions in rat experiments.”®"”

In recent works, different pools of LDs have been proposed
to explain lipid dynamics during activation, distinguishing
between pre-existing and de-novo-generated LD pools. During
activation, LDs were observed to decrease in size and have an
increased content of polyunsaturated FAs.'®”° These conclu-
sions on LD pools suggest that different kinds of LDs can occur

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

in HSCs under different conditions, which is in agreement with
the difference in LD sizes and saturation levels observed in this
work between ROL + PA (positive control) and S80 cells. On the
other hand, LD differences have also been reported between
quiescent and active cells after activation. In contrast, our
results show that the same kind of HSCs, i.e. LX-2 cells reverted
to a quiescent-like state, with different lipidic phenotypes
depending on the cell treatment. The fact that saturated fatty
acids, like palmitic acid, result in higher levels of saturation
cannot be a simple coincidence, just as the S80 formulation
rich in polyenyl-PPC leads to fewer and smaller saturated
droplets with large areas of unsaturated lipids.

The achievement of different quiescent-like states supports
the more recent idea that the paradigm of quiescent, active and
quiescent-like HSC cells is oversimplified.>>”**° It does not
consider the cellular differences occurring in each state, and
that the quiescent, active and quiescent-like HSCs might con-
stitute different subpopulations, thus reflecting the hetero-
geneity of each state. The conclusion that different treatments
lead to different qlHSC subpopulations can be directly
extended to the microenvironment surrounding active HSCs
in vivo, that is, different local conditions could lead to different
final fates for aHSCs.

Conclusion

HSCs play a key role in the immediate response to liver injuries,
as well as the progression of liver fibrosis towards cirrhosis,
and eventually organ failure. During the last decade, a model
consisting of quiescent, active and quiescent-like-HSCs has
been proposed to explain the contributions of these cells to
the progression or reversion of fibrosis. The fact that active
HSCs can be reverted to a quiescent-like state has boosted the
quest for treatments for liver fibrosis. Among several pathways,
potential treatments have also targeted the inverse relationship
between fibrogenic state and formation of lipid droplets. As the
search for an effective treatment progressed, the rise in the
variety of scenarios encountered and the heterogeneity of HSCs
have recently led to the concept of the potential existence of
cellular subpopulations within each state of the HSCs.

In this context, this study has explored the effect of soybean
phospholipid S80 containing 75% PPC on the reversion of
active LX-2 hepatic cells, focusing on the lipidic profiles of
the newly formed LDs. We have found that formulations based
on soybean-derived PPC achieve higher expression of LDs and
lipids in the cells, thus leading to a quiescent-like state, which
is characterized by low fibrogenesis and higher LD counts. This
imitates the quiescent state of LX-cells induced using ROL and
PA treatment; however, with ROL + PA treatment, much higher
levels of saturation and larger size LDs were observed. This
result agrees with the idea of cellular subpopulations in the
quiescent-like state, suggesting that cell treatment composition
and the local hepatic microenvironment will influence cellular
fate upon reversal, leading to several kinds of quiescent-like
states in HSCs.
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Furthermore, the lipid profile of HSC cells in the quiescent-
like state has been poorly investigated so far,’ and in many
cases, only the number of LDs has been estimated. Our results
indicate that future studies should focus on in-depth lipidomic
analyses of the quiescent-like state of HSC cells®" for a better
understanding of all the possible mechanisms underlying the
transition from an active to a quiescent-like state.
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