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A B S T R A C T   

During their life, women are likely to develop uterine diseases, which often compromise their fertile and peri
menopausal age. Besides benign lesions like leiomyomas, several malignant neoplasms can occur, such as the 
uterine leiomyosarcoma, which represents the most frequent malignancy among the rarest uterine cancers. It 
presents several variants similar to both benign and malignant neoplasms, and sometimes it shares symptoms 
with the benign counterpart. In this scenario, for a correct diagnosis and a successful prognosis, it is mandatory to 
detect new reliable markers which strengthen histopathological outcomes and let define a more appropriate and 
less harmful therapy. Based on this concerning evidence, in the present study, Fourier Transform Infrared 
Microspectroscopy has been exploited at a cellular level on uterine leiomyoma and leiomyosarcoma cell lines to 
(1) identify specific spectral biomarkers able to distinguish between benign and malignant lesions, and (2) 
evaluate the efficacy of eicosapentaenoic and docosahexaenoic acids (respectively EPA and DHA), already 
successfully tested. Results evidenced reliable differences in the spectral signature of benign and malignant cells, 
mainly in terms of lipids and nucleic acids composition. Moreover, even if EPA and DHA seemed to exert 
different effects on the tested cell lines, no cytotoxic and/or anti-apoptotic actions were observed after omega-3 
based treatments.   

1. Introduction 

Gynecologic diseases include several kinds of benign and malignant 
tumor lesions, which affect the endometrial compartment, cervix, 
ovaries, vulva, and vagina. All these pathologies may arise during both 
fertile or perimenopausal age and can occur with common symptoms 
such as abnormal uterine bleeding, abdominal or pelvic discomfort, and 
so on [1,2]. To date, besides the decreasing trend registered in the last 
years, gynecologic diseases still show high incidence and death rates, 
and surgical rescission or hysterectomy represent the treatments of 
choice in addition to hormonal therapy, chemotherapy, and radio
therapy [3–5]. 

Uterine leiomyoma (uLM) and uterine leiomyosarcoma (uLMS) are 
two monoclonal mesenchymal tumor lesions spreading inside the 

uterine cavity from uterine myometrial smooth muscle cells; they share 
common symptoms and morphological features, even if they are 
respectively a benign and a malignant lesion with totally different 
clinical outcomes and incidence rates [6]. This evidence can make 
difficult a correct diagnosis, mainly in the early developmental stages. It 
is noteworthy that imaging techniques routinely used in these cases are 
not always sufficient to distinguish between benign and malignant le
sions, and hence the post-operative diagnosis remains the only choice, 
even if it causes a delay in starting the appropriate therapy [7–10]. In 
addition, even after surgery, the diagnosis may be further complicated 
by the existence of several other subvariants. In fact, leiomyoma and 
leiomyosarcoma represent the two endpoints of several other uterine 
neoplasms not yet well classified, including lesions with benign and/or 
malignant potential, currently known as “atypical” or generally variants 
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[11]. The so-called STUMP, uterine smooth muscle tumors of uncertain 
malignant potential, includes a heterogeneous group of lesions defined 
by histopathological criteria which partially match with features 
belonging to the benign counterpart promoted by leiomyoma or with 
ones belonging to the malignant represented by leiomyosarcoma 
[12–14]. 

Another relevant scientific concern is related to the need of inno
vative therapeutic approaches, less invasive as regards side effects and 
more efficient in reducing not only the symptoms but also the tumor 
progression. Besides the hormonal and chemotherapy treatments 
routinely used for leiomyoma and leiomyosarcoma, which have positive 
but also negative side effects, in recent years, much attention has been 
paid to long-chain omega-3 polyunsaturated fatty acids (PUFAs), and to 
their beneficial effects in human health, which include the modulation 
of lipid signaling and inflammation also in several women-affecting 
diseases [15–18]. Among the most known, the eicosapentaenoic (EPA) 
and docosahexaenoic (DHA) acids can be administered as supplements 
or taken through the diet with the consumption of seafood products, 
green leaves vegetables, nuts, and seeds [19,20]. Recent results 
demonstrated that EPA and DHA can sustain the psychomotor neuro
development in the first months of life, reduce oxidative stress and 
inflammation in women over the menstrual cycle, up to improve pa
tients’ conditions in autoimmune, inflammatory, cardiovascular, and 
neurological diseases [21–25]. These omega-3 unsaturated fatty acids 
seem to play a key role also in tumoral lesions. In fact, they do not only 
counteract chemo/radiotherapy consequences in oncological patients, 
but also suppress the progression of the tumor disease and inhibit 
inflammation and angiogenesis, two main cancer-related signals. Pre
vious studies pinpointed also the efficacy of EPA and DHA in reducing 
collagen over-production in uterine leiomyoma [26–28]. EPA has 

already demonstrated its ability to impair collagen reorganization also 
in the wound-healing repairing process, impacting the quality of the 
wound tissue [29]. On the other hand, DHA was tested in several tumor 
kinds, displaying anti-inflammatory, antiproliferative, proapoptotic, 
antiangiogenic, anti-invasive, and antimetastatic properties [17,18,23]. 

Usually, the most known techniques used for cellular analyses, like 
PCR, flow cytometry, or the immunocytochemistry and immunohisto
chemistry are able to collect important and specific information but 
often as expensive and time-consuming tools. Moreover, in these cases it 
is necessary to know what to find in order to set up the experiment and 
to organize all the specific primers or antibodies to use against peculiar 
genes or proteins respectively. Therefore, in the current contest, Fourier 
Transform Infrared Microspectroscopy (FTIRM) represents an advantage 
from this point of view, offering at the same time qualitative and semi- 
quantitative analysis of an unknown sample, allowing to collect all the 
information about its composition. In fact, FTIRM being a high- 
resolution tool can provide relevant and reliable information at a mo
lecular level on the whole macromolecular signature of cells and tissues, 
useful for the identification of spectral biomarkers specific for the 
different lesions [28,30–33]. Furthermore, with a single acquisition, 
which takes only few minutes, it is possible to obtain reliable informa
tion at a molecular level on the lipid and protein components, as well as 
on carbohydrates and nucleic acids. This analysis does not allow an 
absolute quantification, but it is very useful to detect even subtle 
changes in the relative amount and structure of the different macro
molecules by comparing pathological samples with control ones. The 
possibility of obtaining so much information in a short time and with a 
single analysis is extremely useful for focusing the research on the most 
interesting topics. 

In the present study, we propose a multifaceted approach combining 
Fourier Transform InfraRed Microspectroscopy (FTIRM) with multi
variate and univariate analyses able to (1) identify specific spectral 
markers useful for discriminating between leiomyoma and leiomyo
sarcoma cell lines, also in comparison with healthy myometrium cells, 
and (2) deepen the effects of EPA and DHA supplements on these cell 
lines. 

2. Materials and methods 

Myometrium and leiomyoma cell lines (respectively A00-9 and A00- 
10) were kindly provided by William H. Catherino, M.D., Ph.D. 
(Department of Obstetrics and Gynecology, Uniformed Services Uni
versity of the Health Sciences, Bethesda, Maryland). They were 
immortalized following a well assessed protocol [34] and modified 
using human papillomavirus type 16 [35]. Leiomyosarcoma cell lines 
(SKLMS-1) were purchased from ATCC (Manassas, Virginia, USA). Cis- 
5,8,11,14,17-eicosapentaenoic acid (EPA) and cis-4,7,10,13,16,19- 
docosahexaenoic acid (DHA) were purchased from Sigma–Aldrich (St. 
Louis, MO). 

Fig. 1. Second derivative average spectra of myometrium (Myom; blue line), leiomyoma (uLM; green line), and leiomyosarcoma (uLMS; red line) cell lines in the 
following spectral ranges: (A) 3050–2800 cm-1, related to lipids; (B) 1780–1480 cm− 1, related to proteins, and (C)1310–900 cm− 1, related to nucleic acids and 
carbohydrates. Spectra are off set along y-axis for a better comprehension. 

Table 1 
Meaningful IR bands (reported as wavenumbers) identified in the IR spectra of 
myometrium (Myom), leiomyoma (uLM), and leiomyosarcoma (uLMS) cell lines 
and corresponding biochemical assignments.  

Wavenumbers 
(cm− 1) 

Assignment 

~3014 Stretching of =C-H moiety in lipids [36,37] 
~2959 Asymmetric stretching of CH3 moieties in branched aliphatic 

lipid chains [31,32] 
~2923 Asymmetric stretching of CH2 moieties in linear aliphatic lipid 

chains [38] 
~1740 Stretching of C––O ester groups in lipids [38,39] 
~1652 and ~1542 Vibrational modes of the peptide linkage, Amide I and II bands 

of proteins [28,40] 
~1172 Stretching of C-OP moiety in non‑hydrogen bonds groups 

[41,42] 
~1080 Symmetric stretching of PO2

− groups in nucleic acids [43] 
~1058 Stretching of C-OH bond in oligosaccharides [40,44] 
~992 Vibrational modes of RNA [40,45] 
~965 Vibrational modes of DNA backbone [44,46,47] 
~927 Vibrational modes of left-handed helix DNA (Z form) [31]  
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2.1. Cell lines culture and treatments 

Myometrium (Myom), leiomyoma (uLM) and leiomyosarcoma 
(uLMS) cells were cultured at 37 ◦C in a humidified atmosphere with 5 % 
CO2 in fresh Dulbecco Modified Eagle Medium (DMEM-F12 Corning, 
New York, USA) supplemented with 10 % Fetal Bovine Serum (FBS, 
Euroclone, Milan, Italy), 1 % antibiotic (penicillin–streptomycin; Euro
Clone). Only myometrium and leiomyoma cells were also treated with 1 
% fungizone (amphotericin B; Euroclone), and 1 % glutamine (Gibco, 
Life Technologies). 

Myom, uLM, and uLMS cells were seeded in 96-well plates at initial 
densities of 1000 cells per well in total volume of 0.5 ml DMEM/F12 
supplemented with 10 % FBS for myometrium and leiomyoma cells, and 
DMEM low glucose supplemented with 10 % FBS for leiomyosarcoma 
ones. Two aliquots of each cell line were treated respectively with EPA 
50 μM (named Myom-EPA, uLM-EPA, and uLMS-EPA), and DHA 50 μM 
(named Myom-DHA, uLM-DHA, and uLMS-DHA) and incubated at 37 ◦C 
in a humidified atmosphere with 5 % of CO2 for 48 h [28], while the 
third one, taken as control, was normally cultured without treatments 
(named Myom, uLM, and uLMS). 

2.2. Cell viability assay: MTT test 

MTT (3-(4,5-dimethylthiazol–2-yl)-2,5-diphenyltetrazolium bro
mide) assay was used to evaluate cell proliferation in all experimental 
groups. This assay is based on the reduction of the tetrazolium salt by 
intracellular dehydrogenases of viable living cells, leading to the for
mation of purple formazan crystals. Control (Myom, uLM, and uLMS 
groups) and EPA (Myom-EPA, uLM-EPA, and uLMS-EPA groups) and 
DHA (Myom-DHA, uLM-DHA, and uLMS-DHA groups) treated cells were 
washed with PBS and incubated with MTT solution at 0.5 mg/ml for 3 h 

at 37 ◦C. The medium was then removed, and the crystals were dissolved 
in isopropyl alcohol acidified with HCl. In the final step, absorbance was 
measured at 570 nm using Multiskan GO microplate reader (Thermo 
Scientific). 

2.3. Fourier Transform InfraRed Microspectroscopy measurements 

FTIRM measurements were performed using an Invenio-R interfer
ometer coupled with a Hyperion 3000 Vis-IR microscope, equipped with 
a HgCdTe (MCT) detector operating at liquid nitrogen temperature 
(Bruker Optics, Ettlingen, Germany). 

For FTIRM analysis, each cell line was treated with EPA and DHA as 
described in Section 2.1, was then harvested, formalin fixed (PFA 4 %) 
and stored at 4 ◦C in physiological solution (NaCl 0.9 %). The experi
ment was carried out in triplicate. Before starting measurements, cells 
were washed twice with MilliQ water and centrifuged at 800g for 10 min 
each. Then, an aliquot of ~10 µl of pellet was collected from each 
experimental group, spotted onto CaF2 optical windows (1 mm thick, 13 
mm diameter) and let air dry for 20 min before the acquisition. 

For each sample, ~60 densely packed microareas of 30 × 30 mm2 

were selected by using the television camera. IR spectra were acquired in 
transmission mode in the 4000–700 cm− 1 spectral interval (512 scans, 
spectral resolution 4 cm− 1). Before each acquisition, a background 
spectrum was collected with the same parameters on a clean portion of 
the CaF2 optical window. Raw spectra were first submitted to water 
vapor and atmospheric compensation routine, vector normalized and 
interpolated in the 3050–2800 cm− 1, 1760–1350 cm− 1, and 1310–900 
cm− 1 ROI (Regions Of Interest), respectively related to lipid, proteins, 
and carbohydrates/nucleic acids (OPUS 7.5 software, Bruker Optics, 
Ettlingen, Germany). 

Fig. 2. PCA scores plots and corresponding PC1 loadings calculated on myometrium (Myom; blue dots), leiomyoma (uLM; green dots), and leiomyosarcoma (uLMS; 
magenta dots) spectral populations in the 3050–2800 cm− 1 (A, C), and 1310–900 cm− 1 (B, D) spectral regions. 
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2.4. IR data analysis 

Preprocessed spectra were converted in Second Derivative mode 
(Savitzky–Golay filter, 9 points of smoothing), and submitted to Prin
cipal Component Analysis to analyze in an unsupervised manner the 
different spectral populations. PCA scores plots and PC1 loadings were 
calculated in the above-defined ROI (OriginPro 2023 software, Origin
Lab Corporation, Northampton, MA, USA). 

Moreover, for each experimental group, the mean average spectrum 
and the relative average spectra ± standard deviation spectra were 
calculated and submitted to peak fitting procedure, which is funda
mental to perform a correct vibrational analysis of biological samples. In 
fact, IR bands are often convoluted because they derive from the over
lapping of several peaks, generated from different vibrational modes, 
but with similar wavenumbers. The number and position (expressed as 
wavenumbers) of all the peaks lie under the 3050–2800 cm− 1, 
1760–1350 cm− 1, and 1310–900 cm− 1 ROI were identified by second 
derivative minima analysis and fixed during the fitting procedure 
(GRAMS/AI 9.1, Galactic Industries, Inc., Salem, New Hampshire). A 

Gaussian function was adopted; the integrated areas of all the underly
ing peaks were obtained and used to calculate specific band area ratios 
(see Results section). 

2.5. Statistical analysis 

Normally distributed data were reported as mean ± S.D. The facto
rial analysis of variance (One-way ANOVA) was applied and significant 
differences among groups determined (GraphPad Software, Inc., San 
Diego, CA, USA). Statistical significance was set at p < 0.05, and 
different letter over the box indicate statistically significant values 
among cells of the same cell line differently treated. 

3. Results 

3.1. FTIRM characterization of myometrium (Myom), leiomyoma (uLM) 
and leiomyosarcoma (uLMS) cell lines 

In Fig. 1, the second derivative average spectra of Myom, uLM and 
uLMS cell lines are reported; spectra are displayed in second derivative 
mode in the 3050–2800 cm− 1, 1780–1480 cm− 1, and 1310–900 cm− 1 

spectral regions, related respectively to lipids, proteins, and nucleic 
acids/carbohydrates. The main peaks are labeled and assigned as re
ported in Table 1. 

Then, the spectral populations of the three cell lines (Myom, uLM and 
uLMS) were submitted to Principal Component Analysis to identify the 
main sources of variation. The analysis was performed in three different 
spectral regions; the PCA scores plots and the corresponding PC1 load
ings are reported in Fig. 2. As regards the 3050–2800 cm− 1 interval, 
representative of the vibrational modes of lipid alkyl chains, the PCA 
scores plot indicates only a weak segregation between uLMS cells and 
Myom and uLM ones along the PC1 axis (explained variance 57.8 %); 
Myom and uLM cells resulted partially overlapped (Fig. 2A). No segre
gation was found among the three cell lines in the 1760–1350 cm− 1 

spectral range, diagnostic of the protein pattern (data not shown). 
Finally, a clear discrimination was observed in the 1310–900 cm− 1 

spectral range, representative of nucleic acids and carbohydrates 
(Fig. 2B): PC1 divided Myom cells from tumoral ones (uLM and uLMS), 
with an explained variance of 35.4 %, while PC2 segregated uLM form 
uLMS (explained variance 17.2 %). These results were also confirmed by 
the analysis of the PC1 loadings, which evidenced some spectral dif
ferences among groups, mainly in the lipid component (Fig. 2C) and in 
nucleic acids and carbohydrates (Fig. 2D). 

Based on the analysis of PC1 loadings, the following band/area ratios 
were calculated and statistically analyzed to identify reliable spectral 
biomarkers able to discriminate among the healthy cells of myome
trium, and the benign and malignant ones of leiomyoma and leiomyo
sarcoma: A3014/A2959 (ratio between the areas of the bands at 3014 
cm− 1 and 2959 cm− 1; unsaturated lipid fraction) [31]; A2923/A2959 
(ratio between the areas of the bands at 2923 cm− 1 and 2959 cm− 1; 
saturated lipid fraction) [31,32]; A1740/ATOT (ratio between the area of 
the band at 1740 cm− 1 and TOT, which means the sum of the integrated 
area of the whole 1800–900 cm− 1 range; fatty acids) [32]; A1172/A1156 
(ratio between the areas of the bands at 1172 cm− 1 and 1156 cm− 1; 
phosphorylated compounds) [30,31]; A1058/ATOT (ratio between the 
areas of the bands at 1058 cm− 1 and TOT, already defined; carbohy
drates) [31,32]; A992/A1080 (ratio between the areas of the bands at 992 
cm− 1 and 1080 cm− 1; RNA) [30]; A965/A1080 (ratio between the areas of 
the bands at 965 cm− 1 and 1080 cm− 1; A-DNA) [44] and A927/A965 
(ratio between the areas of the bands at 927 cm− 1 and 965 cm− 1; Z-DNA) 
[31]. The mean values ± S.D calculated for myometrium, leiomyoma, 
and leiomyosarcoma cells are reported in Table 2. 

For a better comprehension, the numerical variation of the above 
defined spectral parameters is also shown in Fig. 3. Leiomyoma cells 
were mostly characterized by high amounts of lipids: in particular, they 
displayed the highest and statistically significant level of unsaturated 

Table 2 
Statistical analysis of band area ratios calculated for myometrium (Myom), 
leiomyoma (uLM) and leiomyosarcoma (uLMS) cellular groups. Values are re
ported as mean values ± S.D. (statistical significance was set at p < 0.05).   

Myom uLM uLMS p values 

A3014/ 
A2959 

0.0107 ±
0.0012 

0.0301 ±
0.0031 

0.0184 ±
0.0023 

Myom vs uLM 
p < 0.0001 
Myom vs uLMS 
p < 0.001 
uLM vs uLMS p 
< 0.0001 

A2923/ 
A2959 

2.323 ± 0.233 2.211 ± 0.223 1.589 ± 0.159 Myom vs uLM 
p > 0.05 
Myom vs uLMS 
p < 0.001 
uLM vs uLMS p 
< 0.01 

A1740/ 
ATOT 

0.000276 ±
0.000031 

0.000286 ±
0.000034 

0.000164 ±
0.000020 

Myom vs uLM 
p > 0.05 
Myom vs uLMS 
p < 0.001 
uLM vs uLMS p 
< 0.0001 

A1172/ 
A1156 

0.405 ± 0.044 1.109 ± 0.112 0.862 ± 0.088 Myom vs uLM 
p < 0.0001 
Myom vs uLMS 
p < 0.001 
uLM vs uLMS p 
< 0.01 

A1058/ 
ATOT 

0.207 ± 0.021 0.216 ± 0.022 0.219 ± 0.023 Myom vs uLM 
p > 0.05 
Myom vs uLMS 
p > 0.05 
uLM vs uLMS p 
> 0.05 

A965/ 
A1080 

0.0306 ±
0.0031 

0.0383 ±
0.0039 

0.0459 ±
0.0046 

Myom vs uLM 
p < 0.05 
Myom vs uLMS 
p < 0.001 
uLM vs uLMS p 
< 0.05 

A927/ 
A965 

0.1634 ±
0.0175 

0.1339 ±
0.0156 

0.0435 ±
0.0016 

Myom vs uLM 
p < 0.05 
Myom vs uLMS 
p < 0.0001 
uLM vs uLMS p 
< 0.0001 

A992/ 
A1080 

0.1568 ±
0.0159 

0.1469 ±
0.0148 

0.1648 ±
0.0169 

Myom vs uLM 
p > 0.05 
Myom vs uLMS 
p > 0.05 
uLM vs uLMS p 
> 0.05  
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alkyl chains (A3014/A2959 ratio), while the levels of saturation (A2923/ 
A2959 ratio) and fatty acids (A1740/ATOT ratio) were similar to those 
showed by myometrium cell lines, but higher respect to leiomyosarcoma 
ones. Leiomyoma cells displayed also the highest level of phosphory
lated compounds (A1172/A1156 ratio). Leiomyosarcoma cells recorded 
the highest DNA content (A965/A1080 ratio), but at the same time the 
lowest in terms of Z-DNA, i.e. the methylated DNA conformation, (A927/ 
A965 ratio), thus confirming the increased level of RNA (A992/A1080 
ratio) respect to myometrium and leiomyoma, even if not statistically 
significant. No significant changes able to discriminate among groups 
were found also in the carbohydrate’s ratio (A1058/ATOT ratio). 

3.2. Evaluation of EPA and DHA treatments on myometrium (Myom), 
leiomyoma (uLM) and leiomyosarcoma (uLMS) cell lines 

The effects induced in Myom, uLM, and uLMS cell lines by 48 h of 
treatment with EPA and DHA, were first analyzed through the MTT 
assay, which let estimate the vitality of cells. As reported in Fig. 4, the 
percentage of cell viability clearly decreased in leiomyosarcoma cells 
treated with EPA and, even more, with DHA, while it remained almost 
the same for myometrium and leiomyoma ones. 

To appreciate the effects induced by EPA and DHA at lipid and 
nucleic acids level, and to investigate if they could act with a different 
mechanism in healthy, benign, and malignant cells, the IR spectra of the 
three cell lines treated with EPA and DHA were submitted to PCA in the 
3050–2800 cm− 1 and 1310–900 cm− 1 spectral regions (Fig. 5). More in 
detail, as regard the 3050–2800 cm− 1 range (related to lipids), for all the 
cell lines, the main segregation was found only between DHA treated 
(Myom-DHA, uLM-DHA, and uLMS-DHA) and not treated (Myom, uLM, 
and uLMS) cells, with EPA treated ones (Myom-EPA, uLM-EPA, and 
uLMS-EPA) in an intermediate position and partially overlapped to not 
treated ones (Fig. 5A, E, I). As regards the 1310–900 cm− 1 spectral re
gion, treatments seemed to not affect the nucleic acids and carbohy
drates composition of healthy cells, with EPA and DHA treated 
myometrium cells (Myom-EPA and Myom-DHA) displaying only a weak 
segregation from not treated ones (Myom) (Fig. 5B). Conversely, a good 
separation was observed in leiomyoma and leiomyosarcoma cell lines in 
relation with the treatment: both EPA (uLM-EPA and uLMS-EPA) and 
DHA (uLM-DHA and uLM-DHA) treated cells were clearly segregated 
respect to not treated ones (Fig. 5F, L). As regards PC1 loadings, the 
loading plots in the lipid range highlighted that the segregation was 
mainly due to variations related to unsaturated and saturated lipid 
fractions, i.e. changes in aliphatic chain lengths (Fig. 5C, G, M). About 
the second ROI considered, the situation is not so homogenous: in 

Fig. 3. Band/area ratios calculated on myometrium 
(Myom; blue), leiomyoma (uLM; green) and leio
myosarcoma (uLMS; magenta) spectral populations: 
A3014/A2959 (Unsaturated lipids); A2923/A2959 (Satu
rated lipids); A1740/ATOT (Fatty acids); A1172/A1156 
(Phosphorylated compounds); A1058/ATOT (Carbohy
drates); A965/A1080 (A-DNA); A927/A965 (Z-DNA), and 
A992/A1080 (RNA). One-Way ANOVA was performed 
among groups. Different letters over histograms mean 
statistically significant values (statistical significance 
was set at p < 0.05).   

Fig. 4. Cell viability percentage curves of Myom (blue circles lines), uLM 
(green squares lines), and uLMS (magenta triangles lines) cell lines treated as 
follows: no treatment (NT); 48 h in EPA 50 μM (EPA), and 48 h in DHA 50 
μM (DHA). 
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Fig. 5. PCA scores plots and corresponding PC1 loadings calculated on the following spectral populations: Myom, Myom-EPA and Myom-DHA in the 3050–2800 
cm− 1 (A, C) and 1310–900 cm− 1 (B, D) spectral ranges; uLM, uLM-EPA and uLM-DHA in the 3050–2800 cm− 1 (E, G) and 1310–900 cm− 1 (F, H) spectral ranges, and 
uLMS, uLMS-EPA and uLMS-DHA in the 3050–2800 cm− 1 (I; M) and 1310–900 cm− 1 (L, N) spectral ranges. 
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healthy myometrial cells, the segregation along the PC1 seems to be 
ascribable for the most to carbohydrate moieties, followed by contri
butions related to DNA and phosphates (Fig. 5D). These contributions 
are more evident in leiomyosarcoma, together with that related to 
phosphorylated compounds (Fig. 5H, N). 

To assess the effects induced by EPA and DHA omega-3 fatty acids on 
the tested cell lines, the univariate statistical analysis was focused on the 
above defined band area ratios, related to the degree of saturation and 
unsaturation of lipid alkyl chains, the relative amount of carbohydrates 
and phosphorylated compounds, as well as to DNA and RNA changes in 
conformation and composition. The mean values ± S.D. calculated for 
myometrium, leiomyoma, and leiomyosarcoma cells before (NT) and 
after EPA and DHA treeatments are reported in Tables 3-5 (respectively 
for myometrium, leiomyoma, and leiomyosarcoma cells). 

For a better comprehension, the numerical variation of the above 
defined spectral parameters is also shown in Fig. 6. About the lipid 
component, all the tested cell lines displayed an increase in the unsa
turation levels (A3014/A2959 ratio) after both EPA and DHA treatments: 
this increment was more pronounced in uLM-DHA and uLMS-DHA, than 
in Myom-DHA; a similar but even less evident trend was observed in the 
saturated lipid fraction (A2923/A2959 ratio). Both these results, together 
with the increase of the relative amount of fatty acids (A1740/ATOT ratio) 
in all treated samples, suggested the uptake of EPA and DHA by the 
tested cell lines. The A1172/A1156 ratio is referred to the phosphorylation 
level of C–O groups, considered as an oxidative marker typical of the 
neoplastic behavior; interestingly, all EPA-treated samples (uLM-EPA, 
uLMS-EPA, and Myom-EPA) registered higher values of this parameter, 
respect to DHA (uLM-DHA, uLMS-DHA, and Myom-DHA) and not 
treated (uLM, uLMS, and Myom) ones. Higher levels of carbohydrates 
(A1058/ATOT ratio) were found in leiomyoma (uLM-DHA) and, to a major 

extent, leiomyosarcoma (uLMS-DHA) cells respect to healthy ones 
(Myom-DHA), after treatment with DHA. As regards nucleic acids, only a 
decrease in Z-DNA was observed in uLMS-DHA, while no statistically 
significant variation in the relative amount of A-DNA (A965/A1080) was 
observed in all the treated samples. Finally, an inverse trend in the 
relative amount of RNA (A992/A1080 ratio) was observed in leiomyoma 
and leiomyosarcoma cell lines after omega 3-fatty acids treatments: 
uLM-EPA and uLM-DHA displayed the lowest values, while uLMS-EPA 
asnd uLMS-DHA, the highest ones; no statistically significant changes 
were observed in Myom-EPA and Myom-DHA, respect to not treated 
cells. 

4. Discussion 

Gynecological diseases represent an important burden affecting 
women in fertile and perimenopausal age, with social and economic 
impacts due to fertility problems and to the number of hospitalizations 
with surgical interventions linked to them [48,49]. In less severe cases, 
hormonal and in general pharmacological therapies remain the treat
ment of choice to avoid worsening and to ease the pain and symptom
atology from them [5,50]. 

Still today, despite the improvement in imaging diagnostic tech
niques, the crucial issue related to uterine neoplasms relies on the dif
ficulty to distinguish them through the current clinical diagnostic tests 
before surgery [7,9]. In fact, uterine leiomyoma and leiomyosarcoma 
arise from the myometrial smooth muscle cells; they share symptom
atology and appearance but a very different prognosis, hence the con
servative management of the benign lesion can often lead to the 
misdiagnosis of a possible malignancy resulting in significant delays in 
the beginning of appropriate treatments, and increasing patient 

Fig. 5. (continued). 
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morbidity and mortality [2]. For this reason, in terms of treatments, the 
golden standard still remains the surgical removal even not always as 
the definite therapy, given the risk of recurrence. 

Polyunsaturated omega-3 fatty acids are well assessed supplements 
used in the prevention of several cardiovascular, neurological, and in
flammatory disorders and, only recently, also to fight cancer. Among 
them, eicosapentaenoic and docosahexaenoic acids, better known 
respectively as EPA and DHA, have recently been reported for having 
positive effects in the treatment of uterine leiomyoma or in several other 
types of cancers [16,21,23,51–53]. 

Based on these findings, the present work aimed to probe the 

Table 3 
Statistical analysis of band area ratios calculated for myometrium (Myom) cells 
before (NT) and after EPA and DHA treatments. Values are reported as mean 
values ± S.D. (statistical significance was set at p < 0.05).   

Myom p values 

NT EPA DHA 

A3014/ 
A2959 

0.0107 ±
0.0012 

0.0179 ±
0.0021 

0.0294 ±
0.0032 

Myom-NT vs 
Myom-EPA p <
0.001 
Myom-NT vs 
Myom-DHA p <
0.0001 
Myom-EPA vs 
Myom-DHA p <
0.0001 

A2923/ 
A2959 

2.323 ±
0.233 

2.222 ±
0.225 

2.413 ±
0.248 

Myom-NT vs 
Myom-EPA p >
0.05 
Myom-NT vs 
Myom-DHA p >
0.05 
Myom-EPA vs 
Myom-DHA p >
0.05 

A1740/ 
ATOT 

0.000276 ±
0.000031 

0.000403 ±
0.000050 

0.000677 ±
0.000072 

Myom-NT vs 
Myom-EPA p <
0.01 
Myom-NT vs 
Myom-DHA p <
0.0001 
Myom-EPA vs 
Myom-DHA p <
0.0001 

A1172/ 
A1156 

0.405 ±
0.044 

0.668 ±
0.069 

0.546 ±
0.057 

Myom-NT vs 
Myom-EPA p <
0.0001 
Myom-NT vs 
Myom-DHA p <
0.01 
Myom-EPA vs 
Myom-DHA p <
0.05 

A1058/ 
ATOT 

0.207 ±
0.021 

0.230 ±
0.025 

0.251 ±
0.027 

Myom-NT vs 
Myom-EPA p >
0.05 
Myom-NT vs 
Myom-DHA p <
0.05 
Myom-EPA vs 
Myom-DHA p >
0.05 

A965/ 
A1080 

0.0306 ±
0.0031 

0.0344 ±
0.0034 

0.0337 ±
0.0034 

Myom-NT vs 
Myom-EPA p >
0.05 
Myom-NT vs 
Myom-DHA p >
0.05 
Myom-EPA vs 
Myom-DHA p >
0.05 

A927/ 
A965 

0.1634 ±
0.0175 

0.1377 ±
0.0148 

0.1769 ±
0.0019 

Myom-NT vs 
Myom-EPA p >
0.05 
Myom-NT vs 
Myom-DHA p >
0.05 
Myom-EPA vs 
Myom-DHA p <
0.01 

A992/ 
A1080 

0.1568 ±
0.0176 

0.1709 ±
0.0148 

0.1605 ±
0.0162 

Myom-NT vs 
Myom-EPA p >
0.05 
Myom-NT vs 
Myom-DHA p >
0.05 
Myom-EPA vs 
Myom-DHA p >
0.05  

Table 4 
Statistical analysis of band area ratios calculated for leiomyoma (uLM) cells 
before (NT) and after EPA and DHA treatments. Values are reported as mean 
values ± S.D. (statistical significance was set at p < 0.05).   

uLM p values 

NT EPA DHA 

A3014/ 
A2959 

0.0301 ±
0.0031 

0.0328 ±
0.0032 

0.0389 ±
0.0041 

uLM-NT vs uLM- 
EPA p > 0.05 
uLM-NT vs uLM- 
DHA p < 0.001 
uLM-EPA vs 
uLM-DHA p <
0.01 

A2923/ 
A2959 

2.211 ± 0.223 2.286 ± 0.229 2.4461 ±
0.248 

uLM-NT vs uLM- 
EPA p > 0.05 
uLM-NT vs uLM- 
DHA p > 0.05 
uLM-EPA vs 
uLM-DHA p >
0.05 

A1740/ 
ATOT 

0.000286 ±
0.000034 

0.000409 ±
0.000045 

0.000712 ±
0.000075 

uLM-NT vs uLM- 
EPA p < 0.05 
uLM-NT vs uLM- 
DHA p < 0.0001 
uLM-EPA vs 
uLM-DHA p <
0.0001 

A1172/ 
A1156 

1.109 ± 0.112 1.121 ± 0.114 0.947 ± 0.107 uLM-NT vs uLM- 
EPA p > 0.05 
uLM-NT vs uLM- 
DHA p > 0.05 
uLM-EPA vs 
uLM-DHA p >
0.05 

A1058/ 
ATOT 

0.216 ± 0.022 0.246 ± 0.026 0.295 ± 0.032 uLM-NT vs uLM- 
EPA p > 0.05 
uLM-NT vs uLM- 
DHA p < 0.01 
uLM-EPA vs 
uLM-DHA p <
0.05 

A965/ 
A1080 

0.0383 ±
0.0039 

0.0403 ±
0.0040 

0.0416 ±
0.0042 

uLM-NT vs uLM- 
EPA p > 0.05 
uLM-NT vs uLM- 
DHA p > 0.05 
uLM-EPA vs 
uLM-DHA p >
0.05 

A927/ 
A965 

0.1339 ±
0.0156 

0.1443 ±
0.0159 

0.1372 ±
0.0152 

uLM-NT vs uLM- 
EPA p > 0.05 
uLM-NT vs uLM- 
DHA p > 0.05 
uLM-EPA vs 
uLM-DHA p >
0.05 

A992/ 
A1080 

0.1469 ±
0.0148 

0.1287 ±
0.0129 

0.1285 ±
0.0129 

uLM-NT vs uLM- 
EPA p > 0.05 
uLM-NT vs uLM- 
DHA p > 0.05 
uLM-EPA vs 
uLM-DHA p >
0.05  

A. Belloni et al.                                                                                                                                                                                                                                  



BBA - Molecular Basis of Disease 1870 (2024) 166873

9

potential of the Fourier Transform InfraRed Microscopy in the investi
gation of uterine leiomyoma and leiomyosarcoma cells, with the dual 
purpose of detecting reliable tumor-specific spectral biomarkers able to 
distinguish among the benign leiomyoma, and the malignant leiomyo
sarcoma, and exploring the effects of EPA and DHA administration on 
the same cells in terms of macromolecular composition. 

Results revealed that it is possible to distinguish among the three 
different cell populations, by the identification of several spectral bio
markers related to the unsaturated and saturated lipid fractions, the 
presence of phosphorylated compounds, and nucleic acids conforma
tion. Meanwhile, the uptake of EPA and DHA seems to be confirmed by 
the increase of the A1740/ATOT ratio in all three cell lines especially in 
leiomyosarcoma after DHA treatment and with a superimposed trend 
between leiomyoma and myometrium. In a similar way, the perfor
mance of carbohydrates with an equivalent situation in not treated and 
EPA treated cells, highlighting a stronger effect of DHA above all in 
malignant cells. The highest ratio of leiomyosarcoma in terms of A-DNA 
showed an increased replication in these malignant cells respect to 
leiomyoma cells and to a greater extent respect to the myometrial ones, 
without being affected by omega-3 administration. Leiomyosarcoma 
cells showed more DNA content respect to the healthy and benign lines 
but less methylated, as confirmed by the Z-DNA ratio, which showed 
inverted trends respect to A-DNA. EPA treatment decreases the 
methylation level of myometrium and leiomyoma cells but increases 
those of malignant cells; an opposite trend was found after the DHA 
treatment. Even if no differences were found in all three cell lines before 
treatments, EPA and DHA seem to affect differently the RNA level in 
both uterine lesions. All these findings let hypothesize higher replication 
and transcription rates in malignant cells respect to the other two cell 
lines, even after omega-3 administration, but also that their DNA is less 
methylated respect to the one found in leiomyoma and myometrium 
cells, thus strengthening, and supporting the highest RNA content. 

This suggests not only that each omega-3 exerts different effects on 
the same cell line, maybe just due to their different chemical structure, 
but also that EPA and DHA, considered alone, can induce reverse effects 
among myometrium, leiomyoma, and leiomyosarcoma. This could be 
ascribed to the different nature of the three cell lines considered, that 
even belong to the same uterine district, it is evident that they variously 
respond to the omega-3 treatments. It is evident that the most striking 
event is the one observed at the lipid level and therefore up to the cell 
membrane, together with the result that myometrium cells appear to 
undergo minor changes induced by the treatments, as displayed by the 
lack of evidenced significant spectral changes. Conversely, contrary to 
what is already reported in the literature about other forms of cancer, 
DHA seems to enhance leiomyosarcoma cells with positive effects [23]. 
In this malignant cell line in fact, both supplements lead to the increase 
of carbohydrates (A1058/ATOT ratio), simultaneously with a decrease of 
phosphorylated compounds after DHA (A1172/A1156 ratio), with a slow 
increase of DNA (A965/A1080 ratio) and with a growing transcription rate 
(A992/A1080 ratio): this seems to display a clinical picture of cells not 
affected by the initially supposed antiproliferative or cytotoxic effects 
exerted by this omega-3 PUFA. On the other hand, EPA induced a similar 
influence on leiomyosarcoma but not so effective. Leiomyoma cells, 
instead, showed a condition quite always overlapped or more similar to 
that of healthy myometrium. In these benign tumor cells, EPA and DHA 
did not affect nucleic acids composition with statistically significant 
values, with DHA influenced for the most carbohydrates decreasing their 
phosphorylation rate, suggesting again its stronger impact respect to 
EPA. 

All these results enrich the scenario previously depicted by the study 
involving both these omega-3 in leiomyoma tissue biopsies in which, 
since there, DHA demonstrated to be more effective in reducing the 
collagen impairment, and where myometrium tissue showed not to be 
affected by the impact of both fatty acids [28]. Leaving aside the 
apparent similarity of the two neoplasms, it is evident that there are 
mechanisms and characteristics that are very different from them, for 

Table 5 
Statistical analysis of band area ratios calculated for leiomyosarcoma (uLMS) 
cells before (NT) and after EPA and DHA treatments. Values are reported as 
mean values ± S.D. (statistical significance was set at p < 0.05).   

uLMS p values 

NT EPA DHA 

A3014/ 
A2959 

0.0184 ±
0.0023 

0.0207 ±
0.0022 

0.0318 ±
0.0034 

uLMS-NT vs 
uLMS-EPA p >
0.05 
uLMS-NT vs 
uLMS-DHA p <
0.0001 
uLMS-EPA vs 
uLMS-DHA p <
0.0001 

A2923/ 
A2959 

1.589 ± 0.159 1.806 ± 0.183 2.009 ± 0.203 uLMS-NT vs 
uLMS-EPA p >
0.05 
uLMS-NT vs 
uLMS-DHA p <
0.01 
uLMS-EPA vs 
uLMS-DHA p >
0.05 

A1740/ 
ATOT 

0.000164 ±
0.000020 

0.000274 ±
0.000033 

0.000945 ±
0.000113 

uLMS-NT vs 
uLMS-EPA p >
0.05 
uLMS-NT vs 
uLMS-DHA p <
0.0001 
uLMS-EPA vs 
uLMS-DHA p <
0.0001 

A1172/ 
A1156 

0.862 ± 0.088 1.051 ± 0.120 0.749 ± 0.059 uLMS-NT vs 
uLMS-EPA p <
0.05 
uLMS-NT vs 
uLMS-DHA p >
0.05 
uLMS-EPA vs 
uLMS-DHA p <
0.001 

A1058/ 
ATOT 

0.219 ± 0.023 0.256 ± 0.026 0.342 ± 0.035 uLMS-NT vs 
uLMS-EPA p >
0.05 
uLMS-NT vs 
uLMS-DHA p <
0.0001 
uLMS-EPA vs 
uLMS-DHA p <
0.01 

A965/ 
A1080 

0.0459 ±
0.0046 

0.0461 ±
0.0047 

0.0485 ±
0.0048 

uLMS-NT vs 
uLMS-EPA p >
0.05 
uLMS-NT vs 
uLMS-DHA p >
0.05 
uLMS-EPA vs 
uLMS-DHA p >
0.05 

A927/ 
A965 

0.0435 ±
0.0016 

0.0652 ±
0.0686 

0.0099 ±
0.0012 

uLMS-NT vs 
uLMS-EPA p <
0.0001 
uLMS-NT vs 
uLMS-DHA p <
0.0001 
uLMS-EPA vs 
uLMS-DHA p <
0.0001 

A992/ 
A1080 

0.1648 ±
0.0169 

0.2034 ±
0.0215 

0.2091 ±
0.0218 

uLMS-NT vs 
uLMS-EPA p <
0.05 
uLMS-NT vs 
uLMS-DHA p <
0.05 
uLMS-EPA vs 
uLMS-DHA p >
0.05  
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which it will be necessary to deepen independently the cellular pathway 
involved by the administration of EPA and DHA. For sure, at the 
moment, EPA and DHA can better exert a beneficial role at a tissue level 
in reducing the overproduction of Extra Cellular Matrix, especially 
collagen. At present, for the first time to the authors’ knowledge, this 
work represents the first FTIRM approach employed for the investiga
tion of two uterine tumor lesions in an in-vitro experiment using cell 
lines, and at the same time the first step for the evaluation of a possible 
treatment strategy to be pursued in those undoubted cases. The next 
goals will cover the deepening of the effects of EPA and DHA through 
molecular approaches and the use of primary cells to avoid any incon
venience due to the repeated cultural passages. Moreover, as done for 
leiomyoma, leiomyosarcoma biopsy tissues will be investigated through 
a FTIR Imaging approach to find out more also at a tissue level. 

5. Conclusions 

The current study aimed to investigate two gynecological lesions, 
leiomyoma and leiomyosarcoma, finding novel and meaningful spectral 
biomarkers able to characterize both these lesions and to deepen the 
potential use of EPA and DHA omega-3 fatty acids as a possible therapy. 
Nowadays, the existence of several other uterine tumors not yet well- 
classified, presenting uncertain malignancy and similar features both 
common to the benign leiomyoma and to the malignant leiomyo
sarcoma, let identify specific markers in order to precisely define each 
variant and then to pursue the correct therapy, avoiding misdiagnosis. 

With this work, it has been possible to shed new light on the ability of 
FTIRM to characterize specific spectral signatures distinguishing benign 

and malignant uterine lesions, with the possibility to improve the 
diagnosis of intermediate and atypical variants. Moreover, the effects 
induced by EPA and DHA on both cell lines pave the way on further 
analyses to investigate their role as possible treatments or as adjuvant 
therapies. 
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Fig. 6. Band area ratios calculated on myometrium (Myom; blue dots), leiomyoma (uLM; green squares) and leiomyosarcoma (uLMS; magenta triangles) spectral 
populations before (NT) and after EPA and DHA treatments: A3014/A2959 (Unsaturated lipids); A2923/A2959 (Saturated lipids); A1740/ATOT (Fatty acids); A1172/A1156 
(Phosphorylated compounds); A1058/ATOT (Carbohydrates); A965/A1080 (A-DNA); A927/A965 (Z-DNA), and A992/A1080 (RNA). One-Way ANOVA was performed 
among groups. Different letters over histograms mean statistically significant values (statistical significance was set at p < 0.05). 
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