
RESEARCH ARTICLE
www.ejlst.com

Fatty Acid Ratios as Parameters to Discriminate Between
Normal and Tumoral Cells and Compare Drug Treatments in
Cancer Cells

Antonella Rosa,* Mariella Nieddu, Federica Pollastro, and Cristina Piras

The fatty acid (FA) composition of cell membranes represents a metabolic
biomarker. However, the FA profile reproducibility in cell cultures remains a
significant challenge. In this study, cell FA ratios are validated as metabolic
markers alternative to cell FA. To this goal, cell samples belonging to cancer
HeLa cells and normal 3T3 fibroblasts, from various experimental sets, are
analyzed by a high-performance liquid chromatography system coupled with a
photodiode array detector and evaporative light scattering detector
(HPLC-DAD/ELSD), and the ratios among the main FA are calculated.
Principal component analysis (PCA) separately performed on FA and FA ratio
data indicates similar clustering of cell samples concerning the cell type.
Moreover, similar scores values t[1] and t[2] and graphical distances are
calculated in the PCA plots separately performed on FA and FA ratios
measured in cancer HeLa cells subjected to various antitumoral compounds.
Last, PCA applied to selected FA ratios measured in various cell lines,
obtained in similar experimental conditions, allows to discriminate between
normal and tumoral cells. The results substantiate FA ratios as a cell-specific
fingerprint, characterized by reproducibility across intra-laboratory conditions,
useful for cell characterization, discrimination between normal and tumoral
cells, and the comparison of different drug treatments.
Practical Applications: The reproducibility of the fatty acid (FA) profile in cell
cultures remains a significant challenge. Results obtained from this study
improve knowledge about the role of the FA ratio profile as a cell-specific
fingerprint characterized by reproducibility across intra-laboratory conditions.
The characterization of the specific FA ratio profile of a cell culture, under
standardized experimental conditions, can facilitate the comparative
evaluation of cell data sets for nutritional, metabolic, and pharmacological
studies, overcoming differences in cell culture conditions and FA
extraction/analytical procedures.
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1. Introduction

Lipids have structural, energy, signalling,
and immunoregulatory functions, playing
different important roles at cellular, tissue,
and organismal level.[1,2] Fatty acids (FA)
are the main building blocks of numerous
lipid species and contribute to metabolic
homeostasis and physiological functions
in normal cells.[3–7] Cell membrane FA
composition is tightly regulated and can be
considered a homeostatic, metabolic, and
nutritional biomarker.[4,5] Therefore, alter-
ations in tissue and cell FA composition are
amply studied as biomarkers of pathologi-
cal conditions.[6,8,9] In particular, the dereg-
ulation of lipid and FA metabolism is one
of the most important metabolic hallmarks
of cancer cells.[1,3,7–9] Cancer cells show an
increased de novo FA biosynthesis and ex-
ogenous FA uptake that sustains their rapid
proliferative rate and provides an essential
energy source during metabolic stress
conditions.[1,3,7–9] FA profile alterations in
cancer tissues and/or cells have been pro-
posed as diagnostic tools for colorectal[10]

and breast[11] cancer. Higher levels of mo-
nounsaturated FA (MUFA), mainly oleic
acids 18:1 n-9, and increased amounts of
palmitic acid 16:0, as the main product of
de novo lipogenesis, have beenmeasured in
cancer cells and tissues.[3,7,10,12] Targeting al-
tered lipid metabolic pathways (such as FA
biosynthesis/desaturation, phospholipids,
and cholesterol metabolism) has become a
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promising anti-cancer strategy.[8,9,13,14] Many anticancer com-
pounds are inhibitors of fatty acid synthase (FAS), a multi-
enzyme that catalyses de novo synthesis of 16:0,[3,7] and stearoyl-
CoA desaturase (SCD), an enzyme that inserts a double bond in
the Δ9 position of saturated FA (SFA) to generate MUFA.[9,12]

Traditional in vitro cell culture methods using a 2Dmonolayer
have become a standard technology in life sciences,[7,15,16] rep-
resenting a defined model system for studying cell behavior in
a controlled environment.[16] Cultured cells are amply used to
study differences in FA metabolism between normal and can-
cer cells and to evaluate the effect of drugs in modulating FA
profile and regulating the structure of the membrane.[2,5] The
analysis of FA composition in cultured cell models requires dif-
ferent steps, including solvent-based extraction, saponification,
derivatization of lipid components, and chromatography tech-
niques for the identification/quantification of free FA or their
derivatives.[2] Therefore, the reproducibility, reliability, and vari-
ability of the cell FA data across intra-laboratory conditions and
independent laboratories remain a significant challenge that de-
pends on multiple factors such as cell culture conditions and FA
extraction/analytical procedures.[17,18] Moreover, the reliability of
the cell data across independent laboratories is complicated by
differences in units in which FA data are provided (as mass per-
centages, µg per plate, or µg mg−1 protein).[19] Recent studies
have proposed FA ratios as a suitable way to effectively replace
the original FA data set.[19] FA ratios are believed to have sub-
compositional coherence because the ratio between two specific
FA is a dimensionless quantity and remains the same whatever
other FA are included, with or without normalization.[19] The de-
termination of arachidonic:eicosapentaenoic acid ratio (20:4 n-
6/20:5 n-3) in whole blood lipids has been proposed as a rapid
and reliable method for determining n-3 FA status, generally
considered as a biomarker for different pathologies.[20] More-
over, lower values of 20:4 n-6/20:5 n-3 and 16:0/18:1 n-9 ra-
tios have been measured in cancer cell lines concerning normal
counterparts.[21]

Starting from all these considerations, the main objective of
this study was to explore and validate, under intra-laboratory con-
ditions and through a biochemical and chemometric approach,
the potential use of the FA ratio profile as a data set alternative
to the total FA profile for cell characterization, discrimination be-
tween normal and cancer cells, and for the quantitative compari-
son of drug treatments in the same cancer cell line. Initially, cell
samples belonging to two different cell lines (cancer HeLa cells
and normal 3T3 fibroblasts), obtained from different standard-
ized experimental sets, were characterized for their FA and FA
ratio profiles. The cultured cells used in this study were chosen as
amply utilized as cell models for assessing the lipid modulatory
effects of natural/synthetic FA and anticancer compounds.[5,22–25]

Analysis of cell FA was performed by a high-performance liq-
uid chromatography system (HPLC) coupled with a photodiode
array detector (DAD) and evaporative light scattering detector
(ELSD). FA ratio profile was also measured in cancer HeLa cell
samples treated with several antitumoral compounds (zerum-
bone, eupatilin, artemetin, and its derivatives 8-prenyl artemetin
and 5-O-prenyl artemetin) obtained from previous experimen-
tal sets.[22–25] These natural compounds were selected based on
their ability to affect lipid/FA profile in cancer cells, maybe act-
ing as inhibitors of FAS and SCD enzymes.[22–25] Principal com-

ponent analysis (PCA), a statistical procedure amply used to
summarize and compare the total FA profile of oils,[26] marine
organisms,[19] and cell lines/tissues,[27] was comparatively ap-
plied to cell FA and FA ratio data to validate the role of FA ra-
tios as useful reproducible metabolic parameters for cell charac-
terization/discrimination, and the comparison of different drug
treatments, alternative to total FA profile. Last, a small set of se-
lected FA ratios was calculated for other cell lines, previously cul-
tured/analyzed in our laboratories under similar experimental
conditions, and compared by PCA in the perspective to assess
their role in discriminating between cancer and normal cells.

2. Experimental Section

2.1. Chemicals and Reagents

Standards of fatty acids (FA) were obtained from Sigma–Aldrich
(Milan, Italy). Cell culture materials were purchased from In-
vitrogen (Milan, Italy). All the chemicals used in this study
were of analytical grade. According to the literature, zerum-
bone was isolated from the essential oil of shampoo ginger[22]

and eupatilin from the Swiss chemotype of Artemisia umbelli-
formis Lam.[23] Artemetin was purified from the aerial part of
Artemisia absinthium[24] and their derivatives (5-O-prenyl and 8-
prenyl artemetin) were synthesized as previously reported.[25]

2.2. Cell Cultures

Human adenocarcinoma HeLa cell line and mouse 3T3 fibrob-
lasts were obtained from the American Type Culture Collection
(ATCC, Rockville, MD). Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) with high glucose, supplemented with
2 mm L-glutamine, penicillin (100 units per mL)—streptomycin
(100 µgmL−1), and foetal calf serum (FCS) (10% v/v), at 37 °C in a
5%CO2 incubator. Subcultures ofHeLa and 3T3 cells were grown
in T-75 culture flasks and passaged with a trypsin-EDTA solution.
Normal VERO cells, cancer undifferentiated Caco-2 cells, differ-
entiated Caco-2 cells, and B16F10 cancer cells were used for FA
ratio comparison. FA data of selected cells were obtained from
previous experimental sets conducted under standardized exper-
imental conditions (Table S1, Supporting Information, and cita-
tions therein). Morphology evaluation of cancer HeLa cells and
normal 3T3 fibroblasts was performed by microscopic analysis
with a ZOE Fluorescent Cell Imager (Bio-Rad La-boratories, Inc.,
California, USA).

2.3. Determination of Cell Fatty Acid Profile

Cancer HeLa cells and 3T3 fibroblasts were plated in Petri dishes
(at a density of 106 cells per 10 mL of complete culture medium)
and cultured for 48 h. Cells were then washed with PBS to re-
move dead cells, scraped, and centrifuged (at 2000 rpm at 4 °C
for 10 min). Cell pellets were separated from the supernatants
and then used for the extraction of lipid compounds. Four exper-
iments (indicated as Exp. A, Exp. B, Exp. C, and Exp. D) with sev-
eral replicates were performed for each cell line at different times
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(during 2 years) with the same experimental conditions. Cancer
HeLa cells were also treated, in fresh culture medium, with sev-
eral anticancer drugs in different experimental sets conducted at
different times, as previously reported: zerumbone (treatment A;
10, 50, and 100 µm),[22] eupatilin (Treatment B; 10, 25, and 50
µm),[23] artemetin (Treatment C; 10, 25, and 50 µm),[24] and its
derivatives 8-prenyl artemetin and 5-O-prenyl artemetin (Treat-
ment D, 25 µm).[25] After treatments, cells were washed, scraped,
and centrifuged and cell pellets were used for the extraction of
lipid compounds.

2.4. Extraction and Analysis of Cell Fatty Acids

Total lipids were extracted from 3T3 fibroblast and HeLa cell pel-
lets with the chloroform/methanol/water 2:1:1 mixture as pre-
viously reported.[22] Dried chloroform fractions after cell pellet
extraction, dissolved in ethanol, were subjected to mild saponi-
fication as reported.[22] Analyses of unsaturated (DAD detection,
200 nm) and saturated (ELSD detection) FA, obtained from cell
lipid saponification, were carried out with a mobile phase of
acetonitrile/water/acetic acid (75/25/0.12, v/v/v), at a flow rate
of 2.3 mL min−1, and data were collected and analyzed using
the Agilent OpenLAB Chromatography data system, as previ-
ously described.[22] Calibration curves of FA were constructed us-
ing standards and were found to be linear (DAD) and quadratic
(ELSD) (correlation coefficients> 0.995).[22] The calibration curve
equation, the limit of detection (LOD), and correlation coefficient
(R2) of the individual FA standards are provided in Table S2, Sup-
porting information. After FA quantification, the ratios among
the most abundant FA were calculated. The FA profiles of nor-
mal and cancer cell lines (VERO cells, undifferentiated Caco-2
cells, differentiated Caco-2 cells, and B16F10 cells) used for FA
ratio profile comparison were previously obtained in similar ex-
perimental conditions as reported (Table S1, Supporting Infor-
mation, and citations therein).

2.5. Statistical Analysis

Data were expressed as a mean ± standard deviation (SD). Evalu-
ation of the statistical significance of differences was performed
using Graph Pad INSTAT software (GraphPad Software, San
Diego, CA, USA) Normal distribution of data was preliminar-
ily assessed. Comparison of means (FA and FA ratios) between
two groups (HeLa versus 3T3 cells) was assessed by Student’s un-
paired t-test with Welch’s correction, which does not require the
assumption of equal variance between populations. Values with
p < 0.05 were considered significant.

2.6. Chemometrics

Cell FA data (expressed as % of total FA, g/100 g) and FA ra-
tios (normalized to 100) were collected in the data matrix, where
rows were the cell samples (observations) and columns were the
FA/FA ratios concentrations (variables). The generated data ma-
trix was imported into the SIMCA software (Version 16.0, Sar-
torius Stedim Biotech, Umea, Sweden) and submitted to unit

variance scaling before principal components analysis (PCA) was
performed. The result of PCA analysis was depicted as a scores
plot (observations plot) and loadings plot (variables plot). PCA
is considered an unsupervised analysis as allows the exploration
of the distribution of the sample without prior classification.[26]

The PCA scores plot reveals any inherent clustering of groups of
data, trends, or outliers, based purely on the closeness or similar-
ity between the samples, while the PCA loadings plot describes
the influence of the variables in the model. An important feature
is that directions in the scores plot correspond to directions in
the loadings plot, and vice versa.[28]

The following formula:[26]

d
(
PA, PB

)
=
√
(xB − xA)

2 + (yB − yA)
2 (1)

(where: PB is the control HeLa cells and PA the HeLa cells treated
with a specific drug concentration; xB is t[1] of control cells; xA is
t[1] of treated cells; yB is t[2] of control cells; yA is t[2] of treated
cells) was used to calculate in the PCA plot for HeLa cell treat-
ment with different drugs the distance between the score of con-
trol HeLa cells and the score of treated cells in the same experi-
mental set.

3. Results

3.1. FA Ratios as Biochemical Markers to Characterize and
Differentiate Cells

In the first part of the study, twenty-six cell samples belong-
ing to two different cell lines (cancer HeLa cells and normal
3T3 fibroblasts) were characterized and compared for their fatty
acid (FA) and FA ratio profiles by a biochemical and chemomet-
ric approach to explore the potential role of FA ratios as bio-
chemical markers to characterize and differentiate cells. HeLa
cells (Figure 1A), a cell line derived from epithelioid cervix car-
cinoma, represent a cultured cancer cell model amply used to
assess the lipid modulatory properties of anticancer extracts and
compounds.[22–25,29] 3T3 mouse fibroblasts (Figure 1B) are con-
sidered an excellent model system to study the plasma mem-
brane FA composition/modulation in normal cells.[5] For each
cell line, four different experiments were performed, with dif-
ferent replicates in each experiment. Experimental sets were
conducted under the same experimental conditions at different
times over 2 years. Total lipids were extracted from 3T3 fibroblast
and HeLa cell pellets, saponified and analyzed for FA composi-
tion; and then, the ratios between the main FA were calculated.
Figure 2A shows the representative chromatographic profile,

obtained byHPLC-DAD/ELSD analysis, of unsaturated (DAD de-
tection) and saturated (ELSD detection) FA measured in cancer
HeLa cells. Values of FA (expressed as % of total FA) measured
in HeLa cell samples from different experiments (Exp. A. Exp.
B., Exp. C., and Exp. C; each stacked bar in the graph represents
the total % FA profile of a single cell sample) are reported in
Figure 2B. Slight differences in the FA amounts were observed
among cell replicates within the same experimental set. Whereas
more marked differences were evidenced in HeLa cell FA levels
between different experimental sets; although, the application of
standardized conditions for cell growth, cell extraction, and FA
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(B)

(A)

Figure 1. The panel shows representative images of A) phase contrast of
cancer HeLa cells and B) 3T3 normal fibroblasts. Bar = 100 µm.

analysis. Mean values and standard deviation (SD) of FA mea-
sured in HeLa cells from all experiments (n = 11) expressed as %
of total fatty acids and as µg per plate are reported in Figure 2C,D,
respectively. HeLa cells showed a mean FA composition charac-
terized by a high level of 18:1 isomers (mainly 18:1 n-9; 126.4
± 30.9 µg per plate, 40% of total FA), 16:0 (70.7 ± 26.2 µg per
plate, 22%), stearic acid 18:0 (38.6 ± 22.2 µg per plate, 11%), and
palmitoleic acid 16:1 n-7 (25.6 ± 6.7 µg per plate, 8%), while 20:4
n-6 (14.6 ± 2.4 µg per plate, 5%) represented the most abundant
FA among polyunsaturated FA (PUFA), followed by docosahex-
aenoic acid 22:6 n-3 (8.8 ± 1.4 µg per plate, 3%).
The chromatographic profile and%FA valuesmeasured in 3T3

cell samples from different experiments (Exp. A. Exp. B. Exp. C.
and Exp. C; each stacked bar in the graph represents the total
% FA profile of a single cell sample) are reported in Figures 3A
and 3B, respectively. Like HeLa cells, more marked differences
were evidenced in cell FA levels between different experimental
sets than between cell replicates within the same experimental
set even though comparable experimental conditions were used.
Figure 3C,D shows the total mean values (expressed as % of total
fatty acids and as µg per plate, respectively)± SD of FAmeasured
in 3T3 fibroblasts from all experiments (n = 15). 3T3 fibroblasts
showed a FA composition characterized by a high level of oleic
acid 18:1 n-9 (18.3 ± 5.3 µg per plate, 26% of total FA), palmitic
acid 16:0 (12.7 ± 2.6 µg per plate, 18%), stearic acid 18:0 (12.1 ±
2.5 µg per plate, 17%), and palmitoleic acid 16:1 n-7 (1.9 ± 0.9 µg

per plate, 2%), while linoleic acid 18:2 n-6 (6.8 ± 1.5 µg per plate,
10%) and arachidonic acid 20:4 n-6 (6.5 ± 1.6 µg per plate, 9%)
represented the most abundant FA among polyunsaturated FA
(PUFA), followed by docosahexaenoic acid 22:6 n-3 (4.1 ± 1.0 µg
per plate, 6%). The two cell lines showed differences in terms
of FA profile, though similar growth conditions. Cancer HeLa
cells were characterized by a higher % amount of SFA and PUFA
and a lower % amount ofMUFA than 3T3 fibroblasts. Significant
differences were observed in the % level of 18:1 n-9 (p < 0.0001),
16:1 n-7 (p < 0.0001), 18:2 n-6 (p < 0.0001), 20:3 n-9 (p < 0.0001),
20:4 n-6 (p < 0.0001), and 22:6 n-3 (p < 0.0001) between the two
cell lines.
However, 18:1 n-9, 16:0, 18:0, 16:1 n-7, 18:2 n-6, 20:4 n-6, and

22:6 n-3 emerged as the most abundant FA in both cell lines.
Therefore, we decided to calculate the ratios between these main
FA in order to explore the use of FA ratios as cell-specific dimen-
sionless parameters for cell characterization and observe their re-
producibility across intra-laboratory conditions. Figure 4 shows
the values of the ratios between the main FA measured in each
sample of HeLa cells (Figure 4A) and 3T3 fibroblasts (Figure 4B)
from different experiments together with the mean values ± SD
of FA ratios obtained from all experiments. For each cell line, dif-
ferences were observed in the total FA ratios between different
experiments, indicative of differences in FA composition due to
the experimental variability. The two cell lines showed a specific
profile of FA ratios. High ratio values were measured for 18:1
n-9/22:6 n-3 (p < 0.0001 versus 3T3 cells), 18:1 n-9/18:2 n-6 (p
< 0.0001), 18:1 n-9/20:4 n-6 (p < 0.0001), and 16:0/18:2 n-6 (p <
0.0001) in cancerHeLa cells, while 3T3 fibroblasts were character-
ized by high values of the 18:1 n-9/16:1 n-7 (p< 0.0001), 16:0/16:1
n-7 (p < 0.0001), and 18:1 n-9/22:6 n-3 ratios.
Then, we used a chemometric approach to compare the FA

and FA ratio profiles of cancer HeLa cells and 3T3 fibroblasts.
The principal component analysis (PCA) of the FA and FA ra-
tios profile of HeLa and 3T3 cell samples was performed to have
a comparative holistic picture of the two cell lines and therefore
a clear indication of the role of FA ratios as alternative set data
for cell type characterization. PCA plot shows clusters of samples
based on their similarity.[26] Figure 5 shows the PCA scores plot
(Figure 5A) and loadings plot (Figure 5B) of FA data (expressed
as % of total FA) measured in cancer HeLa cells (n = 11) and
3T3 fibroblasts (n = 15) obtained from different experiments as
reported in Figures 2B and 3B, respectively. Results of FA cell
compositions are depicted as PCA scores plot where the distri-
bution of cell samples (Figure 5A) and the variables along the
first two principal components (PC) (Figure 5B) are displayed.
Cell samples with a similar FA profile lie in a single class in the
PCA scores plot.[26] The FA contribution to the sample cluster-
ing can be estimated considering that the position of a sample in
a specific direction in the scores plot is influenced by the FA ly-
ing in the same direction in the corresponding loadings plot. Cell
samples situated in the same direction as the FA indicated in the
loading plot, are high in these variables and are low in the vari-
ables situated in the opposite space of PCA along PC1.[26] Hence,
the scores plot indicated that cell samples clustered according to
their specific FA composition. A clear separation was observed in
the PCA scores plot between HeLa and 3T3 cell samples, which
clustered in two different positions of the plot, indicating a dif-
ferent FA composition. In detail, all HeLa cell samples clustered
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Figure 2. A) Chromatographic profile, obtained by HPLC-DAD/ELSD analysis, of unsaturated (DAD) and saturated (ELSD) FA measured in a sample of
cancer HeLa cells. B) Each stacked bar represents total FA values (expressed as % of total fatty acids) measured in each HeLa cell sample from different
experiments (Exp. A, Exp. B, Exp. C, and Exp. D); different replicates were performed in each experiment. Mean values (n = 11) and standard deviation
(SD) of FA measured in control HeLa cells from all experiments, expressed as C) % of total FA and D) as µg per plate.

to negative values along t[1] in the scores plot and were mainly
characterized by 16:0, MUFA (18:1 n-9 and 16:1 n-7), and 20:5 n-
3, 22:5 n-3, and 18:3 n-3. 3T3 cell samples clustered to positive
values along t[1], differing from HeLa cell for the high amounts
of 20:3 n-9, 22:4 n-6, 18:2 n-6, 22:6 n-3, 20:4 n-6, and SFA 14:0
and 18:0. For each cell type, the observed distance among sam-
ples was an indication of some differences in the amounts of spe-
cific FA, ascribable to the sample experimental variability. Then,
a PCA was performed using the values of the ratios among the
main FA (normalized values reported in Figure 4A,B) measured
in each sample of cancer HeLa cells (n = 11) and 3T3 fibrob-
lasts (n = 15) from the different experiments. PCA scores plot
and loadings plot of FA ratios data (normalized to 100) measured
in HeLa and 3T3 cells are reported in Figures 5C and 5D, respec-
tively. As observed in the PCA of FA values, samples of the two
cell lines clustered in two different positions of the plot in rela-
tion to their specific FA ratio profile. Cancer HeLa cell samples
clustered to negative values along t[1] and were mainly charac-
terized by 16:0/18:2 n-6, 18:1 n-9/20:4 n-6, and 18:1 n-9/22:6 n-3,
while 3T3 fibroblasts were characterized by 20:4 n-6/22:6 n-3 and
18:1 n-9/16:1 n-7 ratios. PCA performed on both FA and FA ra-
tio data clearly showed a marked separation between the two cell
lines, and the clustering of cell samples based on the cell type was
similar in the two PCA plots, qualifying the FA ratio profile as a
cell-specific fingerprint, characterized by a good reproducibility
across intra-laboratory conditions.

3.2. FA Ratios as Biochemical Markers to Compare Different
Drug Treatments in Cancer Cells

Then, the same biochemical and chemometric approach was ap-
plied to explore the use of cell FA ratios as parameters to com-
pare the effect on FA metabolism of different treatments in the
same cancer cell line and validate their potential as biomarkers
for quantitative purposes. Cancer HeLa cells were incubated with
several anticancer drugs in different experimental sets conducted
at different times, as previously reported: zerumbone (Treatment
A; 10, 50, and 100 µm),[22] eupatilin (Treatment B; 10, 25, and
50 µm),[23] artemetin (Treatment C; 10, 25 and 50 µm),[24] and its
derivatives 8-prenyl artemetin and 5-O-prenyl artemetin (Treat-
ment D, 25 µm).[25] Total lipids were extracted from control HeLa
cells and cells subjected to different treatments, saponified, ana-
lyzed for FA composition,[22–25] and ratios between the main cell
FA (18:1 n-9, 16:0, 18:0, 16:1 n-7, 18:2 n-6, 20:4 n-6, and 22:6 n-3)
were calculated. Figure 6 shows mean values ± SD of FA (ex-
pressed as % of total FA) (Figure 6A) and FA ratios (expressed
as the sum of ratios between the main FA) (Figure 6B) mea-
sured in control cancer HeLa cells (CA, CB, CC, and CD) and
cells treated with anticancer compounds in the different exper-
imental sets. The chemical structures of the tested compounds
are also reported in Figure 6A. All tested compounds, at non-
cytotoxic concentrations, inducedmodulation of theHeLa cell FA
profile[22–25] and consequently affected the FA ratio profile versus
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Figure 3. A) Chromatographic profile, obtained by HPLC-DAD/ELSD analysis, of unsaturated (DAD) and saturated (ELSD) FA measured in a sample
of murine 3T3 fibroblasts. B) Each stacked bar represents total FA values (expressed as % of total FA) measured in each 3T3 cell sample from different
experiments (Exp. A, Exp. B, Exp. C, and Exp. D); different replicates were performed in each experiment. Mean values (n = 15) and standard deviation
(SD) of FA measured in control HeLa cells from all experiments, expressed as C) % of total FA and as D) µg per plate.

the corresponding control cells. The incubation of cancer HeLa
cells with zerumbone[22] induced marked changes in the FA pro-
file versus untreated control cells from the dose of 50 µm, with
a marked decrease in the % cell level of 18:1 n-9 and 16:0, and
an increase in the % amount of 18:0. HeLa cells incubated with
eupatilin[23] showed a reduction in the% levels of 16:0 and 18:1 n-
9 at all tested doses together with a % increase in the level of 18:0
from the dose of 10 µm. The incubation of cancer HeLa cells with
artemetin[24] induced a dose-response decrease in the cell level of
18:1 n-9, 16:1 n-7, and 16:0. Differently, cell treatment with both
prenylated artemetin derivatives[25] induced at the dose of 25 µm
marked reduction in the levels of 18:1 n-9 and 16:1 n-7, together
with a % increase in the level of 16:0, 18:0, and several PUFA
(20:3, 22:5 n-3, 22:4 n-6, and 22:6 n-3). A marked dose-dependent
decrease in the total values of the ratios between the main FA
was observed inHeLa cells treated with different anticancer com-
pounds (Figure 6B) versus control cells, especially in the values of
18:1 n-9/22:6 n-3, 18:1 n-9/18:2 n-6, 18:1 n-9/20:4 n-6, 16:0/18:2
n-6, and 16:0/22:6 n-6, due to the changes induced in the FA acid
metabolism.[22–25]

Then, PCA was separately applied to FA and FA ratio data
measured in HeLa cells treated with anticancer compounds.
Figure 7 shows the PCA scores plot and loadings plot of mean
values of FA (expressed as % of total FA) (Figure 7A,B) and
FA ratios data (normalized to 100) (Figure 7C,D) measured in
control cancer HeLa cells (CA, CB, CC, and CD) and cells treated

with several anticancer compounds in the four experimental
sets (Treatment A, B, C, D). PCA performed on FA and FA
ratio data showed similar clustering of HeLa cell samples based
on the cell treatment and dose of treatment. To quantify the
differences between treatments, and for each treatment between
the different tested doses, lines were traced in the PCA score
plots (Figure 7A,C) to indicate the distances between the values
of treated cells and their respective control cells. The graphical
distances in the PCA plots between the score of control cells
and the score of their respective treated cells were calculated
according to the formula reported in subparagraph 2.5. Table 1
shows the scores values t[1] and t[2] and graphical distances
calculated in the PCA plots (reported in Figure 7A,C). Distance
values calculated in the PCA scores plot obtained with FA data
ranged from 0.77 to 4.85. In general, for the treatment with
zerumbone, eupatilin, and artemetin, our data evidenced a dose-
dependent increase in the distance values versus control cells. A
marked modulatory effect on the FA profile corresponded to a
greater distance. The highest distance values were measured for
cells treated with prenylated artemetin derivatives at the dose of
25 µm, which induced a marked change in the FA profile. Scores
values t[1] and t[2] and graphical distances (values ranging from
0.56 to 3.73) calculated in the PCA plot of FA ratio data were
quite similar to those measured in the PCA plot obtained with
FA data. Moreover, a high positive correlation coefficient (r =
0.9543) was determined between graphical distances measured

Eur. J. Lipid Sci. Technol. 2023, 2200128 2200128 (6 of 13) © 2023 The Authors. European Journal of Lipid Science and Technology published by Wiley-VCH GmbH
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Figure 4. Values of the ratios among the main FA measured in each cell sample from different experiments (Exp. A, Exp. B, Exp. C, and Exp. D with
different replicates in each experiment) and mean values and standard deviation (SD) of FA ratios from all experiments determined A) in control HeLa
cells (n = 11) and B) murine 3T3 fibroblasts (n = 15). Each stacked bar chart represents the sum of FA ratios determined in each cell sample.

Figure 5. A) PCA scores plot and B) loadings plot of FA data (expressed as % of total FA), measured in control cancer HeLa cells (n = 11) and murine
3T3 fibroblasts (n = 15) obtained from different experiments as reported in Figures 1B and 2B, respectively. C) PCA scores plot and D) loadings plot of
FA ratios data (normalized to 100) measured in HeLa and 3T3 cells as reported in Figure 4A,B, respectively. For each PCA model (A and C), the first two
PC explain 80% and 86% of the total variance, respectively.

Eur. J. Lipid Sci. Technol. 2023, 2200128 2200128 (7 of 13) © 2023 The Authors. European Journal of Lipid Science and Technology published by Wiley-VCH GmbH
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Figure 6. A) Mean values and standard deviation (SD) of FA (expressed as % of total FA)[22–25] and B) FA ratios measured in control cancer HeLa cells
(CA, CB, CC, and CD) and cells treated with several anticancer compounds in four different experimental sets: Treatment A: zerumbone 10, 50, and 100
µm (TA10, TA50, and TA100); Treatment B: eupatilin 10, 25, and 50 µm (TB10, TB25, and TB50); Treatment C: artemetin 10, 25, and 50 µm (TC10, TC25,
and TC50); Treatment D: 8-prenyl artemetin 25 µm (TD25) and 5-O-prenyl artemetin 25 µm (TDb25).

for all treatments in the FA and FA ratio data plots, indicating the
interchangeability of the two data series. Our results qualified
the FA ratio profile as a cell-specific data set, useful to compare,
across intra-laboratory conditions, the modulatory effect on lipid
metabolism of different drug treatments in cultured cells.

3.3. FA Ratios as Biochemical Markers to Discriminate Between
Normal and Tumoral Cells

PCA scores plot (Figure 5C) obtained for HeLa and 3T3 cells sub-
stantiated FA ratios as suitable parameters to distinguish differ-
ent cell lines. Therefore, a small set of FA ratios was selected,
based on analytical considerations, and calculated for other cell
lines previously cultured/analyzed in our laboratories. Then,

PCA was applied to selected FA ratios from different cell lines
to explore FA ratios as potential analytical markers for differenti-
ating between normal and cancer cells.
The FA ratios were selected based on criteria such as the posi-

tion in the PCA plot along t[1] and the easy analytical determina-
tion of the corresponding FA. The position along t[1] in the PCA
plot performed on FA ratios (Figure 5C) indicated high values
of 16:0/18:2 n-6, 18:1 n-9/20:4 n-6, and 18:1 n-9/22:6 n-3 in can-
cer Hela cells, while 3T3 fibroblasts were mainly characterized
by 20:4 n-6/22:6 n-3 and 18:1 n-9/16:1 n-7 ratios. In our chro-
matographic separation conditions, oleic acid 18:1 n-9, palmitic
acid 16:1 n-7, arachidonic acid 20:4 n-6, and docosahexaenoic acid
22:6 n-3 were characterized by a selective and easy detection for
the high intensity of the signal and/or high peak purity, while 18:2
n-6 quantification was complicated by the partial co-elution with

Eur. J. Lipid Sci. Technol. 2023, 2200128 2200128 (8 of 13) © 2023 The Authors. European Journal of Lipid Science and Technology published by Wiley-VCH GmbH
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Figure 7. A) PCA scores plot and B) loadings plot of mean values of FA (expressed as % of total FA)[22–25] measured in control cancer HeLa cells (CA,
CB, CC, and CD) and cells treated with several anticancer compounds in four different experimental sets: Treatment A: zerumbone 10, 50, and 100 µm
(TA10, TA50, and TA100); Treatment B: eupatilin 10, 25, and 50 µm (TB10, TB25, and TB50); Treatment C: artemetin 10, 25, and 50 µm (TC10, TC25, and
TC50); Treatment D: 8-prenyl artemetin 25 µm (TD25) and 5-O-prenyl artemetin 25 µm (TDb25). C) PCA scores plot and D) loadings plot of mean values
of FA ratios, normalized to 100, measured in control and treated HeLa cells of the four treatments. For each set of experiments. the lines traced in the
PCA score plot indicate the distances between the values of control cells and their respective treated cells. For each PCA model, the first two PC explain
80% of the total variance.

22:5 n-3, as previously reported.[22] Therefore, 18:1 n-9/20:4 n-6,
18:1 n-9/22:6 n-3, 18:1 n-9/16:1 n-7, and 20:4 n-6/22:6 n-3 were
selected for HeLa and 3T3 cells. These FA ratio values were calcu-
lated for other normal (VERO cells) and cancer (undifferentiated
and differentiated Caco-2 cells, and B16F10 cells) cell lines us-
ing FA data previously obtained from different experimental sets
performed in our laboratories in similar experimental conditions
(Table S1, Supporting Information, and citations therein). Un-
saturated FA profiles (expressed as µg/plate) measured in VERO
cells, undifferentiated Caco-2 cells, differentiated Caco-2 cells,
and B16F10 cells by HPLC-DAD analysis are reported in Figure
S1, Supporting Information. Values of selected FA ratios 18:1 n-
9/16:1 n-7, 18:1 n-9/20:4 n-6, 18:1 n-9/22:6 n-3, and 20:4 n-6/22: n-
3 calculated for VERO cells, undifferentiated/differentiated Caco-
2 cells, and B16F10 cells, in comparison with those obtained for
3T3 and HeLa cells, are depicted in Figure 8A. Cancer undiffer-
entiated/differentiated Caco-2 cells, HeLa cells, and B16F10 cells
were very similar in terms of FA ratio profile unless some differ-
ences were observed in the absolute values of selected FA ratios.
Interestingly, 3T3 and VERO fibroblasts differed from other cells
for their FA ratios. In Figure 8B, the PCA scores plot built using
the values of the selected FA ratios show how the single com-
ponent t[1] can distinguish between normal fibroblasts (positive

values of t[1]) and cancer cells (negative values of t[1]). Our re-
sults substantiated FA ratios as a suitable metabolic parameter
to discriminate between normal and tumoral cells across intra-
laboratory conditions.

4. Discussion

FA, as structural components of membranes and
inflammation/anti-inflammatory mediators, display regula-
tory effects on cell homeostasis and physiological functions,
and represent indispensable substrates for 𝛽-oxidation and ATP
production.[4,5,30] Cell membrane FA composition is tightly
regulated and changes in cell FA components can modify the
structure of the lipid membrane, altering its microdomain or-
ganization and other physical properties, and inducing changes
in cell signaling.[30,31] Cancer cells are characterized by a dereg-
ulation of FA metabolism, showing high rates of de novo lipid
synthesis and exogenous FA uptake.[1,3,7–9] Therefore, the FA pro-
file has been considered a homeostatic and metabolic biomarker
for evaluating differences in FA metabolism in normal and
cancer cells.[4,5,10,11] In vitro cell models offer a unique oppor-
tunity for conducting studies on differences in FA metabolism
between normal and cancer cells and the drug-modulatory effect

Eur. J. Lipid Sci. Technol. 2023, 2200128 2200128 (9 of 13) © 2023 The Authors. European Journal of Lipid Science and Technology published by Wiley-VCH GmbH
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Table 1. Scores values t[1] and t[2] and calculated distances (between the
values of control cells and their respective treated cells) in the PCA plots
(reported in Figure 7A,C) of mean values of FA (expressed as % of total
fatty acids) and FA ratios, normalized to 100, measured in control cancer
HeLa cells (CA, CB, CC, and CD) and cells treated with several anticancer
compounds in four different experimental sets: Treatment A, zerumbone
10, 50, and 100 µm (TA10, TA50, and TA100); Treatment B, eupatilin 10,
25, and 50 µm (TB10, TB25, and TB50); Treatment C, artemetin 10, 25,
and 50 µm (TC10, TC25, and TC50); Treatment D, 8-prenyl artemetin 25
µm (TD25) and 5-O-prenyl artemetin 25 µm (TDb25).

Treatment Primary
ID

t[1] t[2] Distance

%Fatty acids (normalized)

A CA 4.3826 −1.6793 —

A TA10 4.2818 −0.9102 0.7757

A TA50 2.4168 −1.8912 1.9772

A TA100 2.4427 −2.5698 2.1345

B CB 4.3826 −1.6793 —

B TB10 4.2818 −0.9102 2.1730

B TB25 2.4168 −1.8912 2.1987

B TB50 2.4427 −2.5698 3.9286

C CC 4.3826 −1.6793 —

C TC10 4.2818 −0.9102 1.1662

C TC25 2.4168 −1.8912 2.4574

C TC50 2.4427 −2.5698 4.1476

D CD 4.3826 −1.6793 —

D TD25 4.2818 −0.9102 4.8490

D TDb25 2.4168 −1.8912 4.6453

Fatty acid ratios (normalized)

A CA −4.0454 −1.3425 —

A TA10 −3.8362 −0.8251 0.5581

A TA50 −3.2022 −0.4940 1.1962

A TA100 −2.7827 −0.3867 1.5837

B CB −1.2322 1.4414 —

B TB10 0.4931 2.3665 1.9577

B TB25 −0.2291 2.5999 1.5325

B TB50 1.4608 4.0275 3.7336

C CC 1.3145 0.1389 —

C TC10 1.5999 1.2185 1.1166

C TC25 2.2259 −0.2696 0.9989

C TC50 3.4446 −1.1184 2.4735

D CD 0.9592 −0.4058 —

D TD25 1.6023 −3.6130 3.2711

D TDb25 2.2276 −3.3374 3.1943

on lipid pathways.[5,17,22,29] Unfortunately, the reproducibility,
reliability, and variability of the cell FA data across independent
laboratories and intra-laboratory conditions depend on several
specific factors related to cell culture conditions (cell handling,
number of cell passages, cell consumable usage, cell growth
phase),[16–18] lipid extraction procedure (solvent and condition
used for extraction, extraction yield),[2] derivatization procedure
(derivatization reagent and conditions, process yield),[2] and
the limit of detection of the specific analytical technique used
for FA identification/quantification.[2,19] Recent studies have

proposed FA ratios as a suitable way to efficiently replace the
original FA data set for chemometric analysis.[19] FA ratios are
believed to have sub-compositional coherence because the ratio
between two specific FA remains the same whatever other FA
are included, with or without normalization.[19] Moreover, the
ratio between two FA is a dimensionless quantity.[19]

In this study, we explored the potential use of the FA ra-
tio profile as a reproducible data set for the characteriza-
tion/comparison of cells and the quantification/comparison of
the modulatory effects on FA metabolism of different drug treat-
ments in cell culture. In the first part of the study, cancer HeLa
cells and normal 3T3 fibroblasts, from various experimental
sets, were characterized for their FA profile and FA ratios. Even
though experimental variability was observed among samples,
PCA performed on FA ratio data clearly showed a marked sep-
aration between the two cell lines, and the clustering of cell sam-
ples concerning the cell type was like that observed in the PCA
plot performed on the full FA data set. Previous studies used FA
ratio analysis to discriminate trophic markers in marine pelagic
organisms[19] and identify changes in competentmeroplanktonic
larvae sampled over different supply events.[32]

In our experimental conditions, from PCA plot and analytical
considerations, a small set of FA ratios (18:1 n-9/16:1 n-7, 18:1
n-9/20:4 n-6, 18:1 n-9/22:6 n-3, and 20:4 n-6/22:6 n-3) emerged
as the most representative to characterize/differentiate cancer
HeLa cells and normal 3T3 fibroblasts. HeLa cells showed a
higher % amount of 18:1 n-9 and 16:1 n-7 and lower % values
of 20:4 n-6, and 22:6 n-3 than 3T3 fibroblasts. Therefore, higher
values of 18:1 n-9/20:4 n-6 and 18:1 n-9/22:6 n-3 and lower
values of 18:1 n-9/16:1 n-7 were determined in HeLa cells versus
3T3 cells. Oleic (18:1 n-9), palmitoleic (16:1 n-7) arachidonic
(20:4 n-6), and docosahexaenoic (22:6 n-3) acids are important
components of membrane lipids in normal and cancer cells and
have crucial roles in biophysical, biochemical, and signaling
processes.[4,29,33–35] Oleic and palmitoleic acids represent the
main MUFA generally measured in cell cultures.[22,33] Stearoyl-
CoA desaturase (SCD) catalyzes the introduction of the first
double bond in the cis-delta-9 position of several saturated fatty
acyl-CoAs (mainly palmitoyl-CoA and stearoyl-CoA).[1,7,36,37] The
major products of SCD, palmitoleic acid, and oleic acid, provide
key substrates for the generation of complex lipids such as phos-
pholipids, triglycerides, and cholesterol esters.[9] Several studies
have reported that SCD is significantly increased in tumours,
and SCD-mediated desaturation of FA may represent an impor-
tant step for cancer cell survival.[36] Cancer cells often require
de novo synthesis of unsaturated FA to generate membranes
and maintain their fluidity.[37] An elevated synthesis of monoun-
saturated FA (MUFA), mainly oleic acids 18:1 n-9, has been
measured in lung cancer[3] and colorectal cancerous tissue.[38]

The predominant n-6 fatty acid for a broad range of cultured cell
lines and natural cells is arachidonic,[29,33] which serves as the
main precursor of several eicosanoid species (prostaglandins,
thromboxanes, and leukotrienes), important regulators of cellu-
lar functions with inflammatory, atherogenic, and prothrombotic
effects.[3,7,34] Specifically, enhanced metabolism of arachidonic
acid to arachidonyl-CoA, which can be used as a substrate for
cyclo-oxygenase 2 (COX2) for prostaglandin synthesis, has been
observed in cancer cells.[3] Docosahexaenoic acid 22:6 n-3 is the
most abundant PUFA of the n-3 series in cultured cells[29,33]

Eur. J. Lipid Sci. Technol. 2023, 2200128 2200128 (10 of 13) © 2023 The Authors. European Journal of Lipid Science and Technology published by Wiley-VCH GmbH
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Figure 8. A)Mean values and standard deviation (SD) of FA ratios 18:1 n-9/16:1 n-7, 18:1 n-9/20:4 n-6, 18:1 n-9/22:6 n-3, and 20:4 n-6/22:6 n-3 measured
in VERO cells (n = 39), 3T3 fibroblasts (n = 15) (normal cells) and CaCo-2 cells (n = 24), differentiated CaCo-2 cells (n = 33), HeLa cells (n = 11), and
B16F10 cells (n = 6) (cancer cells). B) The PCA scores plot built using mean values of selected FA ratios. The PCA model was performed using a single
component which explained 65% of the total variance.

and is the precursor of signaling molecules, that modulates
membrane microdomain composition, receptor signaling, and
gene expression.[35] An altered synthesis of 22:6 n-3 has been
measured in lung cancer.[3] Then, we calculated the selected FA
ratios (18:1 n-9/16:1 n-7, 18:1 n-9/20:4 n-6, 18:1 n-9/22:6 n-3, and
20:4 n-6/22:6 n-3) for other normal (VERO fibroblasts) and can-
cer (colon cancer undifferentiated and differentiated Caco-2 cells,
and B16F10murinemelanoma cells) cell lines, previously grown
and analyzed for FA profile under experimental conditions sim-
ilar to those used for HeLa and 3T3 cells. Values of selected
FA ratios measured in different cultured cell lines changed in
relation to the specific cell FA metabolism, and the PCA scores
plot performed on mean values of selected FA ratios showed a
marked separation between normal and tumoral cells. Taking
together our results substantiated FA ratios as a metabolic pa-
rameter suitable to characterize cells and discriminate between
normal and tumoral cells across intra-laboratory conditions.
In cancer cells, changes in FA composition severely alter

membrane fluidity and protein dynamics, affecting functional

and biophysical properties of cytoplasmic and organelle mem-
branes, perturbing membrane lipid rafts, and inducing apop-
totic pathways.[3,8,36] Several antitumor drugs (lipophilic or am-
phiphilic molecules) act through the membranes by changing
the general lipid membrane structure and organization, by in-
hibiting the expression of lipogenic enzymes involved in FA
metabolism such as SCD,[9,12–14] ATP-citrate lyase,[3,14] and FA
synthase (FAS).[9,12–14] FAS is a multi-enzyme that catalyses de
novo synthesis of palmitic acid, and many anticancer drugs
are FAS inhibitors.[3,7,8,22] We previously demonstrated the abil-
ity of the antitumoral compounds zerumbone,[22] eupatilin,[23]

artemetin,[24] and its derivatives 8-prenyl artemetin and 5-O-
prenyl artemetin,[25] to reduce viability and modulate phospho-
lipids and FA metabolism in HeLa cancer cells.[22–25] The antitu-
moral activity of the monocyclic sesquiterpene dienone zerum-
bone has been related to its ability to selectively inhibit cancer
cell viability/proliferation, and to induce apoptosis, mitochon-
drial depolarization, accumulation of cytosolic lipid droplets, and
changes in lipid profile and cell membrane organization/protein

Eur. J. Lipid Sci. Technol. 2023, 2200128 2200128 (11 of 13) © 2023 The Authors. European Journal of Lipid Science and Technology published by Wiley-VCH GmbH
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dynamics.[22,39] The polymethoxylated flavones eupatilin[23,40] and
artemetin[24,41] target cancer cells inducing cytotoxicity, cell cir-
cle arrest, apoptosis, mitochondrial dysfunction, and lipid profile
modulation. Recent research showed that C- and O-prenylation
significantly increased the cytotoxic effect, the capacity to affect
lipid profile, and the bioavailability of artemetin in cancer HeLa
cells.[25] Zerumbone and eupatilin induced a marked decrease
of 18:1 n-9 and the accumulation of 18:0, compatible with a po-
tential drug-induced inhibition of the enzyme SCD.[22,23] The re-
duction of palmitic acid induced by both compounds was com-
patible with a potential abrogation of lipid synthesis.[22,23] Simi-
larly, the incubation of cancer HeLa cells with artemetin induced
a dose-response decrease in the cell level of 18:1 n-9, 16:1 n-7, and
16:0,[24] while the cell treatment with its prenylated derivatives in-
duced a marked reduction of 18:1 n-9 and 16:1 n-7 levels together
with an increase in the level of 16:0, 18:0, and several PUFA.[25]

The main FA ratios were calculated in HeLa control cells and
cells treated with the antitumoral compounds zerumbone, eu-
patilin, artemetin, its derivatives 8-prenyl artemetin, and 5-O-
prenyl artemetin obtained from different experimental sets.[22–25]

PCA, a chemometric technique amply used for pharmaceutical
applications,[42] separately performed on FA and FA ratio data
showed similar clustering of HeLa cell samples concerning the
type and dose of treatment, validating their potential as alterna-
tive biomarkers for comparing the effect on FAmetabolismof dif-
ferent treatments in the same cancer cell line. Moreover, the dif-
ferences between treatments and for each treatment between the
different tested doses, were quantitatively evaluated by the calcu-
lation of the graphical distances in the PCA plots. We previously
used this quantitative method for the comparative evaluation of
the composition of vegetable essential and fixed oils obtained
by supercritical extraction and conventional techniques.[26] The
multivariate analysis of cell FA ratios and calculated distances led
practically to the same results as the analysis of the full FA data set
PCA, validating the potential role of FA ratios as cellmetabolic pa-
rameters for comparative evaluation of different nutritional and
pharmacological treatments.

5. Conclusion

We explored in the cell culture system, through a biochemical
and chemometric approach, the use of the cell FA ratio pro-
file as a data set alternative to the cell FA profile. Our results
qualified the pool of FA ratios, calculated between the most
abundant cellular FA, as useful parameters for cell character-
ization, discrimination between normal and cancer cells, and
the quantitative comparison of different drug treatments in the
same cell line. Altogether, these findings demonstrate that the
FA ratio profile is a cell-specific fingerprint, characterized by
reproducibility across intra-laboratory conditions. The definition
of the FA ratio profile for a specific cell line cultured in standard-
ized growth conditions could facilitate the comparison of cell
data sets across different laboratories in nutritional, metabolic,
and pharmacological studies.
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