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Abstract

α-Linolenic acid (ALA, 18:3n-3) and γ -gamma linolenic acid (GLA, 18:3n-6) are polyunsaturated fatty acids (PUFA) that
improve the human health. The present study focused on testing the in vitro antitumor actions of pure ALA and GLA
on the HT-29 human colorectal cancer cell line. Cell viability was checked by MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) test, cell membrane damage by the lactate dehydrogenase assay, apoptosis was tested by both
caspase-3 activity trial and transmission electron microscopy images, and protein composition was analyzed by quantitative
proteomics analysis. MTT test revealed IC50 values of 230 and 255 μM for ALA and GLA, respectively, at 72 h. After 24 h of
incubation, both ALA and GLA induced apoptosis on HT-29 colorectal cancer cells according to the caspase-3 assay and
microscopy images. SWATH/MS analysis evidenced that ALA significantly affected the mitochondrial protein import
pathway and the citric acid cycle pathway, while GLA did not significantly affect any particular pathway. In summary, both
ALA and GLA showed concentration-dependent inhibitory effects on HT-29 cells viability and induced cell death by
apoptosis. ALA significantly affected cellular pathways, while GLA does not have specific actions on either pathway. Both n-3
and n-6 C18 PUFA are bioactive food components useful in the colorectal cancer prevention.
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Introduction
Colorectal cancer (CRC) is the third most common cancer world-
wide and the fourth leading cause of death, with mortality close
to 50% in Western countries, followed by lung cancer [1]. Also,
several studies suggest that it is a disease strongly influenced
by diet [2, 3], which can modulate inflammatory processes and
also affect gene expression in the body and, hence, is linked
to the incidence of several diseases [4]. Polyunsaturated fatty
acids (PUFA) play a positive role against CRC cells [5, 6] and
glioblastoma [7], among others. There are two important PUFA
families in nature: the n-3 series, whose precursor is α-linolenic
acid (ALA, 18:3n-3) and the n-6 series, which derives from linoleic
acid (LA, 18:2n-6). These FA cannot be synthesized de novo in
the body, so they must be obtained through diet to support
normal growth and development. They are known as essential
FA (EFA) [8]. ALA is a long-chain n-3 PUFA found in some seeds
(chia and flaxseed) and nuts, and in some animal fats, which
can be elongated and desaturated into eicosapentaenoic acid
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n3), which
develops a wide range of beneficial functions in the body [9,
10]. The available literature indicates that ALA has therapeutic
potential in cervical cancer by modulating the expression of
cyclooxygenase-2 (COX-2), which is a protein complex that con-
trols DNA transcription called NF-κB, MMPs, vascular endothelial
growth factor (VEGF) and c-Jun proteins. In addition, ALA affects
key members of the mitogen-activated protein kinase signalling
pathway such as ERK1/2 and p38 proteins in cervical [11] and

breast cancer cells [12]. In breast cancer cells, Wiggins et al. [12]
showed that ALA reduces cell growth and increases apoptosis.
As for γ -linolenic acid (GLA, 18:3n-6), it is produced from LA by
the action of the enzyme �6-desaturase, and is found in small
amounts in some seed oils such as those of borage, black currant
and evening primrose [13]. GLA has gained importance due to its
anti-inflammatory and anti-cancer actions mediated by apopto-
sis and lipid peroxidation [14], and exerts a cytotoxic action by
the release of lactate dehydrogenase (LDH) [15]. Also, GLA and
its metabolites have been reported to modify the expression of
important molecules that play a crucial role in the induction
of apoptosis, such as COX-2 and MKP-1 [4, 16]. However, Awad
et al. [17] concluded that ALA and GLA supplementation had no
consistent effect on tumour growth on HT-29 CRC cells, while
phospholipase C activity was not influenced by membrane FA
modification.

According to De Roose and Romagnolo [18], proteomic tech-
nologies may be useful in determining the effects of FA on
cancer growth. In this regard, a recently emerging technique,
the sequential windowed acquisition of all theoretical fragment
ion mass spectra (SWATH) mass spectrometry (MS) has been
reported to provide an accurate quantitation of proteins com-
pared to the traditional techniques [19].

This study was designed to elucidate the antitumor activity
of ALA and GLA on the HT-29 CRC cell line and specifically, to
identify the mechanisms involved in cell death and the pathways
affected by in vitro exposition of cells to these PUFA.
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Materials and Methods
Oil samples

Linseed (Linum usitatissimum L.) oil was used to obtain pure ALA,
while GLA was purified from evening primrose (Oenothera biennis
L.) oil. Both oils were obtained in the local markets of Almeria
(Spain).

Purification process

GLA and ALA purification was carried out after the direct saponi-
fication and further fractionation of the oils with urea according
to Spurvey and Shahidi [20]. The urea:FA ratio was 6:1 (w/w), and
the urea:methanol ratio was 1:3 (w/v). PUFA were recovered with
n-hexane to be analyzed by gas chromatography (GC).

GC analyses

FA determination was carried out by transesterification of FA
to FA methyl esters (FAME) according to previous works [21,
22]. Briefly, 10 mg of sample and 50 μl of an internal standard
(98% purity heptadecanoic acid, 17:0), H3500 from Sigma, St.
Louis, USA) were introduced in test tubes and then 1 ml of n-
hexane (10 mg/ml) and 1 ml of freshly prepared transesteri-
fication reagent (methanol and acetyl chloride 20:1 v/v) were
subsequently added at 100◦C for 30 min. FAME were analyzed in a
Focus GC (Thermo Electron, Cambridge, UK) equipped with flame
ionization detector (FID) and an Omegawax 250 capillary column
(30 m × 0.25 mm ID × 0.25-μm film thickness) (Supelco, Belle-
fonte, PA, USA) The temperature of the oven was 90◦C (1 min),
10◦C/min–100◦C (3 min), 6◦C/min–260◦C (5 min), and the injector
temperature was 250◦C with a split ratio of 50:1 and a volume of
4 μl. The detector temperature was 260◦C, and the flow of carrier
gas was 1 ml/min [23]. The peak area of the internal standard
was used as a reference to compute the mass of every FA in the
resulting chromatograms, and results were computed as FA% of
total FA.

Cell assays

We used the well-established HT-29 CRC cell line, which was
supplied by the Technical Instrumentation Service of University
of Granada (Granada, Spain). This cell line is considered a
pluripotent intestinal cell line, which can be used for the study
of several structural and molecular events involved in cancer
cell differentiation [24, 25]. The tests were the MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at 48
and 72 h, and caspase-3 at 24 h. Both were performed according
to the manufacturer’s instructions and according to Ortea et al.
[6]. LDH assay (Cytotoxicity Detection KitPLUS (LDH), Kit 04 744
926 001, Sigma-Aldrich, St. Louis, MO, USA) was conducted the
same as for the MTT assay, but in this case, the cell density
was 0.8 × 104 cells/well, and measurements were performed
following the instructions of the manufacturer. The results
were obtained by determining the absorbance at 490 nm with
a reference filter at 690 nm at 24 h.

Transmission electron microscopy

The images of transmission electron microscopy (TEM) were
obtained according to Ramos-Bueno et al. [26] in a Zeiss Libra 120
TEM (Carl Zeiss AG, Jena, Germany).

Quantitative proteomics analysis

The 24-h-cultured HT-29 cells in media supplemented with
470 μM ALA (n = 6) or 360 μM GLA (n = 6), and a control group
of no-supplemented cells (n = 6), were recovered and lyzed to
obtain protein extracts. These were cleaned by TCA/acetone
precipitation, resuspended in 0.2% of RapiGest SF (Waters,
Milford, MA, USA) and total protein was quantified using the
Qubit Protein Assay kit (Thermo Scientific, Waltham, MA, USA).
For each sample, 50 μg of protein were trypsin digested as
previously described [27]. RePliCal iRT peptides (PolyQuant
GmbH, Bad Abbach, Germany) were spiked into each sample
to calibrate the peptide retention times later in the SWATH
runs. The proteomes from the three cell groups (ALA, GLA
and control) were quantitatively compared using a SWATH-MS
approach as previously described [28]. Briefly, this approached
consisted of identifying all detectable proteins in the samples
using a data-dependent acquisition (DDA) LC-MS/MS method,
building a peptidic MS/MS spectral library, analyzing the samples
using a SWATH LC-MS data-independent acquisition (DIA) and
using the peptide library to extract the peptide quantitative
information from the SWATH chromatographic traces. For both
DDA and DIA LC-MS analysis, a hybrid Quadrupole time-of-
flight (Q-TOF) mass spectrometer (Triple TOF 5600+, Sciex,
Redwood City, CA, USA) coupled to a nano-HPLC system (Ekspert
nLC415, Eksigent, Dublin, CA, USA) was used. Chromatog-
raphy gradient was 5–30% B (A: 0.1% FA in water; B: 0.1%
in ACN) in 120 min, at a flow rate of 300 nl/min, using a
25-cm long × 75-μm internal diameter column (Acclaim
PepMap100, Thermo Scientific) and a 2-cm × 100-μm trap
column (Acclaim PepMap100, Thermo Scientific). For DDA runs,
each group of six samples were pooled and run twice with a
top 65 method, consisting on a TOF MS survey scan (250 ms
acquisition time, 350–1250 m/z range) followed by the MS/MS
scan (60 ms, 230–1700 m/z) of the highest ions as found in the
survey scan, making a total cycle time of 4.2 s. The six runs
were searched all together against a SwissProt human protein
database (containing 20 200 protein entries, appended with the
RePliCal iRT peptides and downloaded from UniProt on March
2017), using Protein Pilot v5.0.1 (Sciex), setting iodoacetamide
as Cys alkylation, trypsin as enzyme and Triple TOF 5600 as
instrument. The false discovery rate (FDR) was set to 1% for both
peptides and proteins. For the SWATH DIA runs, each sample
was analyzed using a variable window SWATH acquisition
method consisting on a TOF MS (50 ms, 350–1200 m/z) followed
by 60 MS/MS (90 ms) of precursor windows of variable m/z
width in the whole range 350–1200 m/z. The size of the MS/MS
windows was optimized according to the ion density found
in the previous DDA runs. SWATH Acquisition MicroApp (v2.0,
Sciex) was used for building the peptide spectral library and
for extracting the fragment ion chromatographic traces from
the SWATH runs. Peptide retention times were calibrated in all
the SWATH runs using the RePliCal iRT peptides, spiked into
each sample according to manufacturer’s instructions. To be
confident on the proteins being quantified, only those showing
confidence scores above 99% and FDR below 1% were included in
the analysis. Protein abundances were normalized for inter-run
variability using Marker View v1.3.1 (Sciex).

Pathway analysis

The significantly affected pathways were studied using the
Reactome tool (https://reactome.org/), which is designed to give
the user a graphical map of known biological processes and
pathways with detailed information on components and their

https://reactome.org/
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relations. We considered a restrictive scenario, namely a
differential expression threshold of log (fold change) > 2.0 and
adjusted P-value < 0.01, in order to have more confidence in
selecting the proteins that presented real expression changes.

Statistical analysis

For cell assays (MTT, LDH and caspase-3 assays), statistical sig-
nificance (P < 0.05) was determined by generalized linear models
(GZLMs) and analysis of variance (ANOVA) using STATGRAPHICS
Plus, version 5 (Statistical Graphic Corp., Warranton, VA, USA).
Figure 1 shows mean data for three independent experiments ±
standard deviation (SD). Calculations and data plotting for Fig. 1
were performed using Microsoft Excel 2016 (Microsoft Corpora-
tion, Redmond, WA, USA). For SWATH-MS protein quantitation,
differences in protein abundance between groups were assessed
by applying a Mann–Whitney nonparametric test, checking for
multiple testing underestimation of P-values by obtaining a
q-value estimation for FDR using the qvalue R package (accessed
at http://github.com/jdstorey/qvalue on 29 March 2019).

Results and Discussion
The purity of the assayed PUFA was 97.8 and 94.6% for ALA
and GLA.

ALA and GLA effects on HT-29 cells viability measured
by the MTT test

To check the anti-proliferative activity of ALA and GLA on the HT-
29 CRC cells, the MTT cell viability assay in both concentration
and time-dependent manner was performed. Figure 1A shows
the effects of ALA and GLA on HT-29 cells viability at different
concentrations (30–470 μM) for 48 and 72 h. As shown in Fig. 1A,
both ALA and GLA significantly decreased HT-29 cells viability in
a dose-dependent manner, although both PUFA lacked a signifi-
cant time response. The half-maximal inhibitory concentrations
(IC50) at 48 and 72 h for ALA were 195 and 230 μM, while for
GLA, values were 302 and 255 μM. In this regard, Zhang et al. [29]
indicated 140–150 μM (ALA) and 200–300 μM (GLA) as the most
effective concentrations for reducing LoVo and RKO CRC cells
viability. For ALA, Chamberland and Moon [10], by the MTT test,
showed a decrease of cell viability between 20 and 50% in HT-29
cells after a 1–5 mM treatment. Also, dose- and time-dependent
growth inhibitory actions on breast cancer cells were reported for
ALA in a [30], whereas Koralek et al. [31] found that ALA inhibited
the production of urokinase, a protease enzyme that enhance
carcinogenesis. Concerning GLA, in K562/ADM leukaemia cells,
IC50 values were 113 and 101.59 μM at 48 and 72 h, respectively,
[32, 14]. Taken together, the concentrations of ALA and GLA
used in this study to inhibit the growth of HT-29 cells were
higher than those reported for other cancer cells, although lower
than concentrations determined as effective by Chamberland
and Moon [10] in the same cell line. In this regard, Jiang et al.
[33] and Habermann et al. [9] found that the growth inhibitory
actions exerted by various PUFA on HT115 and LT97 CRC cells
were significantly higher than that exercised on HT-29 cells. This
fact may explain the high concentrations of ALA and GLA needed
in this work to inhibit HT-29 cells growth. In previous works,
we described experimentation on in vitro exposition of CCD-18
(normal colon cell line) to different PUFA (including both ALA and
GLA) and no actions on cells viability were observed [26]. Thus, we

conclude that the effects showed here are specific against cancer
cells.

LDH assay

The LDH assay measures the activity of the LDH enzyme in
the extracellular medium. The present work is the first study
on the effects of GLA and ALA on cell membrane integrity of
CRC cells. The release of LDH into the cellular medium is an
indicator of irreversible cell death due to cell membrane damage
[34]. To test whether cell number reduction was due to ALA-
and GLA-mediated cell membrane damage, the LDH activity was
measured (Fig. 1B). Note that LDH release increased in parallel
with GLA and ALA concentrations: ALA and GLA at 30–240 μM
showed no more than a 10% increase in LDH activity (% of
control), whereas at 360 and 470 μM showed 63.9 and 42.4% LDH
activity (% of control), respectively. In this regard, Kong et al.
[32] studied the antitumor actions of GLA on human leukemic
K562/ADM cells at 144 μM and concluded that significant LDH
release indicated losses of plasma membrane integrity and the
presence of necrosis, while Kim et al. [30] pointed out that
ALA-treated breast cancer cells (0–100 μM) showed a significant
increase in LDH release on a dose-dependent manner.

Caspase-3 assay

Apoptosis involves the sequential activation of a group of
enzymes in the cysteine protease family named caspases.
Caspase-3, which is activated in the apoptotic cell both by
extrinsically (death ligand) and intrinsically (mitochondrial)
pathways, is a caspase protein that interacts with caspase-8
and caspase-9 [35]. Thus, it is reliable indicator of cell death.
According to Kapoor and Huang [4], the antitumor actions of GLA
are mediated by apoptosis, inhibition of angiogenesis and gene
activation, and also by production of eicosanoids via di-homo-
gamma linolenic acid (DGLA, 20:3n-6), which competes with
arachidonic acid (ARA, 20:4n-6) for several enzymes to produce
prostaglandins and thromboxane’s. This conversion from GLA
to DGLA is due to the �6-desaturase enzyme, which is very
active in breast and CRC cells, according to Pender-Cudlip et al.
[36]. In this work, it was found that both ALA- and GLA-induced
significant caspase-3 activity as compared to untreated samples:
ALA- and GLA-activated caspase-3 at 360 and 470 μM (Fig. 1C).
Unlike expected, caspase-3 activity decreased significantly after
24 h incubation for 470 μM GLA-treated cells, as compared to
360 μM. Overall, these results agree well with recent results of
Roy et al. [37] and Moravcová et al. [38], which showed a decrease
of caspase-3 activity at high ALA and OA concentrations in breast
cancer cells and hepatocytes. This effect could be related to
the differential rate of incorporation of ALA and GLA into the
cells due to differences in spatial configuration between n-3
PUFA (ALA) and n-6 PUFA (GLA). The latter could modify the
membranes’ physical properties, bonds to receptors as well as
transport [39]. In this regard, Tranchant et al. [40] concluded the
existence of a carrier-mediated transport system for ALA and
probably other long-chain PUFA, which could have low efficiency
for GLA. Thus, high doses of GLA would not result in increased
caspase-3 activity, and lingering-free GLA would be more prone
to oxidation under the applied experimental conditions. Then,
the generated H2O2 by the peroxidation process could inhibit
apoptosis by depleting cells of ATP [41]. In other cancer cell
lines, induction of apoptosis was found using lower ALA and GLA
concentrations than those used here: Kong et al. [32] and Gillis

http://github.com/jdstorey/qvalue
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Figure 1: Plots showing results of cell assays. (A) Dose-dependent viability of HT-29 cells after ALA and GLA exposure for 48 and 72 h. (B) Dose-dependent LDH release

from HT-29 colon cancer cells after ALA and GLA exposure. (C) Dose-dependent caspase-3 activity from HT-29 colon cancer cells in comparison with untreated cells

(control). Data represent the mean of three complete independent experiments ± SD (error bars). Data were analyzed using GZLMs. There are no significant differences

(P < 0.05) among series sharing the same letter.

et al. [42] reported that leukemic cells survival was reduced using
doses of 144 and 100 μM GLA by inducing of apoptosis; while
Deshpande et al. [43] indicated that 28–80 μM ALA treatment
induced apoptosis in both breast and cervical cancer cell lines by

activating of caspase-3. Taken together both LDH and caspase-3
tests, antitumor activities reached optimal values at 360 (GLA)
and 470 (ALA) μM, especially for the caspase-3 trial. Thus, this
was the concentration selected to conduct proteomic assays.
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Figure 2: Morphological changes induced by ALA and GLA in HT-29 cells. A. Control cell, without cytotoxic agents added. Mit: mitochondria; Nu: nucleus; Nm: nuclear

membrane; Ga: Golgi apparatus. B. Cells treated with GLA. Ld: lipid droplets. Note the intense chromatin (Chr) condensation. C. Cells treated with GLA. Notice broken

amorphous Mit. D. Cells treated with ALA. Note the image of a cell that has completed apoptosis and is dispersing as granular debris (the ghost cell stage). E. Cells treated

with ALA. Notice LD and broken amorphous Mit. F. Cells treated with ALA. Notice an apoptotic body (AP) budding off and heterogenous vesicles (V).

TEM

The goal of this study was to obtain TEM images of HT-29 CRC
cells with and without the addition of antitumor-inducing agent
(Fig. 2). Cells were supplemented with either with 470 μM ALA
or 360 μM GLA. This tool helped to elucidate the various effects
occurring in HT-29 CRC cells due to the presence either of GLA or
ALA. Both GLA and ALA induced the appearance of amorphous
mitochondria, apoptotic bodies and ‘ghost cells’, which are typ-
ical images of cells that have completed apoptosis and move
erratically as granular debris. Note the presence of lipid droplets
(LD), which in all cases are surrounded by endoplasmic reticu-
lum. Previous studies [26, 29] on antitumor PUFA also indicated
the presence of LD in PUFA-treated cancer cells. Although the role
of LD in the development of cancer is still under investigation
[44], it is assumed that these are involved in inflammatory and
neoplastic processes, and it has been documented that CRC cells
accumulate LD, with a documented PGE2 synthase localization
and focal PGE2 synthesis [44, 45]. Bouzza and Viola [44] concluded
that the inhibition of LD formation involves the inhibition of
PGE2 synthesis, which is closely related to the pathogenesis
of CRC. Another function of LD is to store FA, which will be
used by the cancer cell in case of nutritional stress. In this
sense, Jarc et al. [46] concluded that low concentrations (50 μM)
of PUFA such as LA, EPA, DHA and ARA in breast cells were
associated with protection from cell death due to starvation-
induced degradation of LD, while higher concentrations (100 μM)
induced cell death by oxidative stress of breast cancer cells.
Gustin et al. [47] reported that 100 μM PUFA treatment stimulated
LD accumulation in cervical and breast cancer cells, while 10 μM
doses resulted in a slight decrease in LD content. Therefore,
LD appearance depends on cell type and PUFA concentration,
and it is not a conclusive sign of apoptosis caused by PUFA
treatment.

Quantitative proteomics analysis

For the massive identification of the proteins detectable in
the samples, the DDA LC-MS/MS runs were searched against a
human protein database using the search engine Protein Pilot. A
total of 18 469 peptides and 2188 protein groups were identified
with a 1% FDR at both peptide and protein levels. The list of
identified proteins is shown in Supplementary Table S1. The file
resulting from the database search was used to build a peptide
spectral library, which contained 2090 proteins. This library,
matching the MS/MS fragment ions to an identified peptide and
a protein, was used to extract fragment ions chromatographic
traces from the SWATH runs, obtaining quantitative data for a
total of 1972 proteins in all the analyzed samples (Supplementary
Table S2). Heat maps for each of the comparisons are shown
for the fast visualization of the global quantitative result
(Fig. 3). It can be seen that while control and ALA samples are
completely separated from each other, meaning ALA addition
is affecting globally the proteome, GLA samples could not be
clearly separated from control samples, this meaning the effect
of adding GLA is not so large. Supplementary Tables S3 and S4
show the results for the differential abundance tests for GLA vs.
control and for ALA vs. control group comparisons, respectively,
together with the corresponding fold changes found for each
of the 1972 quantified proteins. For downstream analysis, a
restrictive scenario of P-value<0.01 and a fold-change above
2.0 were considered, in order to be more confident in being
selecting the proteins with real expression changes. According to
these thresholds, 226 proteins were found to present expression
changes as an effect of ALA supplementation (148 proteins
up-regulated and 78 proteins down-regulated) (Supplementary
Table S4). Interestingly, for GLA-treated samples, only eight
proteins showed up as presenting differential abundance: six
were up-regulated by GLA (TMM33, UD110, 5NTC, ATLA3, ODPX

https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfaa046#supplementary-data
https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfaa046#supplementary-data
https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfaa046#supplementary-data
https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfaa046#supplementary-data
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Figure 3: Heat maps including the quantitation results for 1972 proteins in all samples, for (a) ALA vs. control comparison and (b) GLA vs. control comparison.

and HACD3) and two were down-regulated (PTMS and SEC13)
(Supplementary File Table S3). These figures indicate a deeper
effect on the HT-29 cell proteome for ALA than for GLA.

Reactome pathway analysis

Significantly affected pathways were analyzed using Reactome
software, which is a curated database of pathways and reactions
in human biology. Reactome defines a ‘reaction’ as any event
in biology that changes the state of a biological molecule. Path-
ways are represented by simple diagrams following an SBGN-
like format. A binomial test is used to calculate the probability
shown for each result, and P-values are corrected for the multi-
ple testing (Benjamini–Hochberg procedure) that emerges from
the evaluation of the submitted list of identifiers against each
pathway. ALA showed more significant pathways in our analysis.
A reactome pathway visualization is shown in Fig. 4. In our
results, we found 77 and 41 pathways affected by ALA and GLA,
respectively (P-value < 0.05), while FDR correction reduced the
number of affected pathways to eight and zero, respectively (Sup-
plementary Tables S5 and S6). With these data, we can conclude
that GLA is not having a specific effect on any particular path-
way. As far as ALA is concerned, the most significantly affected
pathways were the mitochondrial protein import and the citric
acid (TCA) cycle. In the mitochondrial protein import pathway,
we found 11 proteins with significant differential abundance,
being four of them up-regulated. Two of these up-regulated pro-
teins are TOM40 and SAM50. While Ott et al. [48] concluded
that TOM40 acts with the Bax translocation, Asmarinah et al.
[49] suggested that the activities of the TOM complexes do not
play any essential role in the development of prostate cancer.
Regarding SAM, Rondepierre et al. [50] found three mitochondrial
proteins in melanoma cells that had higher expression and were
involved in the import protein machinery (SAM50). Mitochon-
drial homeostasis and function are dependent on the activity
of the mitochondrial protein import machinery. For instance,
recent findings imply a role of import machinery components
in cancer development: numerous constituents of mitochondrial
protein translocases are often up-regulated in cancer tissues, and
this phenomenon is indicative of a poor survival prognosis [51].
TIMM17A, a mitochondrial inner membrane transport protein
was much higher in breast cancer cell lines than in normal breast
tissue and was directly correlated with breast cancer progression,
so Xu et al. [52] indicated that TIMM17A may serve as a breast

cancer marker in the clinic. The TCA cycle is a central route for
oxidative phosphorylation in cells, macromolecule synthesis and
redox balance occurring in the mitochondrial matrix. In the TCA
pathway, we found 15 proteins with differential abundance, eight
of them up-regulated and seven down-regulated. Among the up-
regulated proteins, the cytochrome c oxidase (COX) should be
highlighted. COX is the component of the respiratory chain that
catalyzes the reduction of oxygen to water. Also, Wu et al. [53]
among others demonstrated an up-regulation of COX Va and
Vb in CRC. Another interesting up-regulated protein found is
PDHX, which is located in the mitochondrial matrix and is critical
for mitochondrial fuel metabolism. Anderson et al. [54] con-
cluded that different cancers are affected by changes in the TCA
cycle enzymes, which result in characteristic metabolic changes
that are correlated with disease transformation and progression.
Montal et al. [55] showed that enzyme phosphoenolpyruvate
carboxykinase (PEPCK) has the ability to regulate the TCA cycle
and to metabolize lactate via the TCA cycle, so inhibition of
PEPCK decreases lactate utilization and subsequently tumour
cell growth. Another pathway affected by ALA is protein folding.
The endoplasmic reticulum (ER) is the organelle responsible for
intracellular Ca2+ homeostasis, lipid biosynthesis and protein
folding and transport. Protein folding in the ER is highly sensitive
to changes in the environment, which lead to the disruption
of protein folding to cause accumulation of unfolded or mis-
folded proteins causing ER stress. The unfolded protein response
(UPR) is a collection of pathways that evolved to maintain a
productive ER protein-folding environment [56]. UPR activation
contributes to both enhanced survival and cancer-cell-induced
apoptosis.

Conclusions
In summary, this work evidences that both ALA and GLA induced
concentration-dependent inhibitory effects on HT-29 cells via-
bility, evidenced by the MTT assay and cell membrane damage
detected by the LDH test. The activation of caspase-3 suggests
that ALA and GLA induce cell death by the mechanism of apop-
tosis. This fact is supported by the transmission electron micro-
scopic images, which show deformation of certain organelles
such as mitochondria and ghost cell formation. Analysis of path-
ways affected by ALA and GLA treatments has demonstrated that
ALA significantly affects some cellular pathways, with the cycle
of citric acid being most affected. However, GLA has no specific

https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfaa046#supplementary-data
https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfaa046#supplementary-data
https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfaa046#supplementary-data
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Figure 4: Reactome pathway visualization. Pathways affected by (A) GLA supplementation; (B) ALA supplementation. Yellow lines indicate number of pathways affected

in the different groups, according to the differentially expressed proteins found. Note that ALA has a greatest effect than GLA due to the greater number of affected

pathways such as metabolism of proteins and DNA replication pathways.

actions on any particular pathway. Future in vivo experimenta-
tion should be focused on the possibility of using ALA- and GLA-
rich oils as bioactive food supplements for CRC prevention.

The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository with
the dataset identifierPXD017029.
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