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Abstract
Background: Breast cancer is among the most prevalent cancers in women and is the leading cause of mortality among
women worldwide. Although a definitive cure for breast cancer remains elusive, essential fatty acids offer a promising
therapeutic avenue.

Objectives: The present study aimed to synthesize 16 derivatives of docosahexaenoic acid (DHA) and linoleic acid (LA) and
evaluate their anti-cancer properties in vitro.

Methods: Fourteen derivatives of LA and DHA were synthesized using a coupling method, while two ethylenediamine
derivatives were synthesized via an ester intermediate. Molecular modeling was conducted using AutoDock Vina software. The
cytotoxic effects of all compounds were assessed using the MTT assay on breast adenocarcinoma (MCEF-7) cells. The mechanism
of cell death induction by derivatives with the most favorable EC;, values was determined through annexin V-FITC/PI flow

cytometry analysis, focusing on early and late apoptosis.
Results: Docking results revealed that these compounds effectively interact with residues in the PTPB1 active site. All

synthesized DHA and LA derivatives demonstrated cytotoxic effects on the MCF-7 cell line, with no significant cytotoxicity
observed in normal human dermal fibroblasts (HDFs). Compounds D3 and L3, with EC;, values 0f 15.96 +2.89 uM and 24.64 +1.81

UM, respectively, were identified as the most potent anti-cancer compounds among the derivatives.

Conclusions: The findings indicate that these functional fatty acid derivatives significantly reduce cancer cell viability. In
addition to necrosis, compounds L3 and D3 induced apoptosis, with apoptosis rates of 20.5% and 47.1%, respectively.
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have become key priorities for researchers. Tumor-
targeting ligands are essential for developing highly
specific anti-cancer drugs and enhancing the
effectiveness of tumor imaging agents (2-4). The
incidence rate of female breast cancer is projected to be

1. Background

The currently approved chemotherapy drugs are not
completely effective in cancer treatment, and new drugs
with novel mechanisms are under development. This

limitation, along with late diagnosis, has ranked cancer
as the second leading cause of death worldwide (1).
Consequently, early diagnosis and effective treatments

129.4 new cases per 100,000 women annually. The age-
adjusted death rate is 19.3 per 100,000 women annually,
based on case report data from 2017- 2021 and 2018 -
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2022 mortality records. In 2024, it is estimated that
approximately 310,720 women and 2,800 men will be
diagnosed with invasive breast cancer. In the United
States, approximately 12.5% of women are diagnosed
with breast cancer during their lifetime (5).

Genetic, environmental, hormonal, and dietary
factors all contribute to the development of breast
cancer. Long-chain fatty acids are considered one of the
dietary factors linked to breast cancer risk. However,
their exact role in either promoting or preventing the
progression of breast cancer is not fully understood and
remains controversial (6). The intake of long-chain fatty
acids may reduce tumor growth by initiating certain
biological processes, such as inducing apoptosis or
inhibiting angiogenesis. Additionally, they may enhance
the efficacy of chemotherapy drugs and reduce the side
effects associated with chemotherapy or cancer
treatments, while being associated with a high level of
safety (7-11).

For many cancers, conventional medicines have poor
success rates. Therefore, improving the understanding
of disease progression and exploring alternative
therapeutics is required. Long-chain polyunsaturated
fatty acids (PUFAs), such as docosahexaenoic acid (DHA)
and linoleic acid (LA), have been shown to reduce cancer
cell survival and inhibit their proliferation both in vitro
and in vivo. Docosahexaenoic acid, a natural omega-3
fatty acid with 22 carbon atoms and six cis double
bonds, has been shown to induce apoptosis and reduce
proliferation in cancerous cells both in vitro and in vivo
(1, 12, 13). Nevertheless, there is a lack of research on the
effect of DHA derivatives on cancer cell apoptosis, and
their mechanisms of action are not fully recognized (1,
12-14). Reviews on DHA metabolites in living systems
indicate that numerous and diverse compounds are
formed in cells, which have various vital activities.
Resolvins, protectins, and maresins are some of these
DHA metabolites that play a central role in controlling
inflammation (15).

Recent research has revealed that ingested DHA and
eicosapentaenoic acid (EPA) are metabolized into their
corresponding ethanolamide metabolites,
docosahexaenoylethanolamide (DHEA) and
eicosapentaenoylethanolamide (EPEA) (16-18). These
metabolites act as lipid mediators both in vitro and in
vivo (19, 20). It appears that at least part of the
numerous and diverse reported roles for DHA and EPA in
biological systems are due to their metabolites. DHEA
and EPEA play an essential role in mediating the wide
range of beneficial effects associated with DHA and EPA.
Therefore, these ethanolamide metabolites show strong
potential as candidate compounds for drug

development, particularly for addressing diseases
linked to omega-3 fatty acids (6, 17,19-23).

Some tyrosine kinases, such as human epidermal
growth factor receptor 1 (HERI/EGFR), SRC, signal
transducer and activator of transcription (STAT), and
JAK, are dephosphorylated by protein tyrosine
phosphatase 1B (PTP1B). The PTPi1B is found to be
overexpressed in breast cancer cells (24) and contributes
to tumor growth (25). Therefore, it is a critical regulator
of signal transduction, particularly in relation to
tyrosine kinase signaling pathways. According to virtual
studies on DHA with enzyme PTP1B, DHA is able to
interact with an allosteric binding site, reducing both
PTPIB enzyme activity and the viability of breast
adenocarcinoma (MCF-7) cancer cells (26). Investigations
have demonstrated that omega-3 fatty acids, when
applied to MCF-7 cancer cells as an in vitro model,
inhibit cell growth, promote differentiation, and induce
apoptosis (27).

Apoptosis regulates cell populations during
development and aging. It serves as a protective
mechanism, allowing damaged cells to self-destruct and
form apoptotic bodies without causing inflammation or
harming their environment when encountering
pathogens and toxic chemicals. The resulting apoptotic
bodies are cleared by phagocytosis (28).

2. Objectives

In the present study, DHA and LA amide derivatives
were synthesized, and the anti-tumor effect of these
fatty acids was investigated, focusing on the apoptosis
induced by them on MCF-7 human breast cancer cells.
This was investigated using the MTT assay and flow
cytometry. A better understanding of the anti-tumor
mechanism of functional fatty acids may help develop
new strategies in cancer prevention and treatment,
which involves incorporating fish oil as a nutritional
additive.

3.Methods

3.1. Materials and Methods

All chemicals and solvents were obtained from
Sigma-Aldrich and Merck AG as synthesis grade. When
required, solvents were dried using standard
procedures. A Cary 630 FTIR spectrometer was used to
obtain the Fourier transform infrared (FTIR) spectrum.

'H-NMR spectra were recorded using a Bruker FT-400
MHz instrument (Bruker Biosciences, USA). Deuterated
chloroform (CDCl;) and dimethyl sulfoxide (DMSO)-d6

were employed as solvents. Splitting patterns are
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denoted as singlet (s), doublet (d), triplet (t), quartet (q),
broad singlet (bs), and multiplet (m). For liquid
chromatography-mass spectrometry (LC-MS), a 6410
Agilent LC-MS triple quadrupole mass spectrometer
equipped with an electrospray ionization (ESI) interface
was used. Elemental analysis was performed using a
Costech  (Italy) elemental analyzer. Thin-layer
chromatography (TLC) on 3 x 6 cm, 0.25 mm silica gel
60-F plates was used to monitor the reactions. Final
docking images were generated using Discovery Studio
4.5 Visualizer and the PyMOL program (version 0.99rc6).
Flow cytometric analyses were performed using flow
cytometry (BD FACSCalibur, BD Biosciences, USA), and
flow data were analyzed with Flow]o v.7.6.5 (Tree Star,
Inc., Ashland, USA).

3.2. General Experimental Approach

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDCI) (1.2 mmol) was added to a solution of DHA (1
mmol), 4-dimethylaminopyridine (DMAP) (1.2 mmol),
and 2-aminoethanol (2 mmol) in dry dichloromethane
(7 mL), and the mixture was stirred under a nitrogen
atmosphere at room temperature overnight. The
product was extracted with ethyl acetate (2 x 50 mL).
Hydrochloric acid (15 mL, 1 N) and magnesium sulfate
were used to wash and dry the combined organic layers,
respectively (29). After evaporating the solvent, the
obtained residue was purified using silica gel TLC
(chloroform/methanol = 10:1) to afford compounds Di-
D7and L1-L7 in 68 - 85% yield.

Amide compounds D8 and L8 were synthesized by
refluxing excess amounts of ethylenediamine (10 mmol)
with a fatty acid methyl ester (1 mmol) in dry pyridine (5
mL) for 24 hours (30). The final solution was poured into
cold water, and the insoluble crude product was
purified using plate chromatography as explained
above. Fatty acid methyl ester was prepared by a well-
described method (31-34). Sixteen amides were prepared
(Figure 1).

3.21.  (4Z,7Z10Z13Z,16Z,19Z)-N-(2-hydroxyethyl) ~ docosa-
4,7,10,13,16,19-hexaenamide (D1)

Yield: 77%; Appearance: Yellow oil; IR (v, cm™): 1631
(C=0), 3317 (O-H); 'HNMR (DMSO-d6, 400 MHz): 8§ ppm
0.902 - 0.940 (t, 3H, CH;), 2.000 - 2.055 (m, 2H, CH,),
2.085 - 2.124 (t, 2H, CH,), 2.222 - 2.272 (m, 2H, CH,), 2.837 -
2.869 (m, 10H, CH,), 3.426 - 3.467 (m, 2H, CH,), 3.738 -
3.760 (t, 2H, CH,), 4.682 (s, 1H, OH), 5.351 - 5.439 (m, 12H,
CH), 7.814 - 7.840 (s, 1H, NH); LC-MS (ESI) m/z: 394 (M+23);

Iran ] Pharm Res. 2025; 24(1): €159523

Anal. Calcd for C,,H;,NO,: C, 77.58; H, 10.04; N, 3.77
Found: C, 77.56; H,10.01; N, 3.79.

3.2.2. (42,7Z,10Z,13Z,16Z,19Z)-N,N-bis(2-hydroxyethyl)docosa-
4,7,10,13,16,19-hexaenamide (D2)

Yield: 70%; Appearance: Yellow oil; IR (v, cm™): 1643
(C=0), 3414 (O-H); 'HNMR (CDCI3): § ppm 0.965 -1.003 (t,
3H, CHj;), 2.044 - 2.105 (q, 2H, CH,), 2.378 - 2.437 (m, 4H,
CH,), 2.825 - 2.859 (m, 10H, CH,), 3.215 - 3.293 (m, 3H, CH,),
3.568 - 3.592 (t, 1H, CH,), 3.780 - 3.878 (m, 4H, CH,), 4.146
(bs, 2H, OH), 5.380 - 5.392 (m, 12H, CH); LC-MS (ESI) m/z:
416 (M+1); Anal. Calcd for C,gH4NO;: C, 75.14; H, 9.94; N,
3.37; Found: C, 75.16; H, 9.92; N, 3.39.

3.2.3. 4-((4Z,72,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-hexaen-
1-yl)morpholine (D3)

Yield: 85%; Appearance: Yellow oil; IR (v, cm‘l): 1630
(C=0); 'THNMR (CDCI3): § ppm 0.972 - 1.010 (t, 3H, CH;),
2.057 - 2.131 (m, 2H, CH,), 2.411 (bs, 4H, CH,), 2.819 - 2.864
(m, 10H, CH,), 3.134 - 3.173 (t, 1H, CH,), 3.420 - 3.493 (m, 2H,
CH,), 3.646 - 3.728 (m, 4H, CH,), 3.880 - 3.906 (t, 1H, CH,),
5.299 - 5.414 (m, 12H, CH); LC-MS (ESI) m/z: 398 (M+1), 436
(M+39); Anal. Calcd for C,gH;gNO,: C, 78.54; H, 9.89; N,
3.52; Found: C, 78.57; H, 9.87; N, 3.51.

3.24.  (4Z,72]10Z]13Z,167,19Z)-N-(4-hydroxyphenyl)docosa-
4,7,10,13,16,19-hexaenamide (D4)

Yield: 83%; Appearance: Yellow oil; IR (v, cm™): 1654
(C=0), 3302 (O-H); 'THNMR (DMSO-d6, 400 MHz): § ppm
0.898 - 0.936 (t, 3H, CH;), 1.995 - 2.067 (m, 2H, CH,), 2.287 -
2.346 (m, 4H, CH,), 2.797 - 2.835 (m, 10H, CH,), 5308 -

5.375 (m, 12H, CH), 6.654 - 6.675 (d, 2H, CH), 7.340 - 7.359
(d, 2H, CH), 7.963 (s, 1H, OH), 9.635 (s, 1H, NH); LC-MS (ESI)
m|/z: 418 (M-1); Anal. Calcd for C,gH;;NO,: C, 80.15; H, 8.89;

N, 3.34; Found: C, 80.10; H, 8.91; N, 3.35.

3.2.5. (42,72,102,13Z,16Z,19Z )-N-phenethyldocosa-
4,7,10,13,16,19-hexaenamide (D5)

Yield: 80%; Appearance: Yellow oil; IR (v, cm™): 1647
(C=0), 3288 (N-H); "THNMR (DMSO-d6, 400 MHz): § ppm
0.825 - 0.863 (t, 3H, CH;), 1.939 - 2.025 (m, 4H, CH,), 2.145 -
2.194 (m, 2H, CH,), 2.602 - 2.634 (t, 2H, CH,), 2.707 - 2.762
(m, 10H, CH,), 3.153 - 3.204 (m, 2H, CH,), 5.221 - 5.272 (m,

12H, CH), 7.110 - 7.131 (d, 3H, CH), 7.188 - 7.223 (t, 2H, CH),
7.821-7.849 (t, 1H, NH); LC-MS (ESI) m/z: 432 (M+1), 454
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Figure 1. Amide derivatives of unsaturated fatty acids

(M+23); Anal. Calcd for C3yH,NO: C, 83.47; H, 9.57; N,
3.24; Found: C, 83.44; H, 9.59; N, 3.25.

3.2.6. (42,7Z,10Z,13Z,16Z,19Z )-1-(4-methylpiperazin-1-yl)
docosa-4,7,10,13,16,19-hexaen-1-one (D6)

Yield: 77%; Appearance: Yellow oil; IR (v, cm™): 1655
(C=0); 'THNMR (DMSO-d6, 400 MHz): § ppm 0.833 - 0.871
(t, 3H, CH;), 1.930 - 2.002 (m, 2H, CH,), 2.098 (s, 3H, CH3;),
2.134 - 2.281(m, 8H, CH,), 2.715 - 2.758 (m, 10H, CH,), 3.331-
3.354 (t, 4H, CH,), 5.267 - 5.278 (m, 12H, CH); LC-MS (ESI)
m/z: 411 (M+1); Anal. Calcd for C,;H4,N,0: C, 78.97; H,
10.31; N, 6.82; Found: C, 78.95; H,10.30; N, 6.85.

3.2.7. (42,77,10Z,13Z,16Z,19Z))-N-(2,3-dihydroxypropyl) docosa-
4,7,10,13,16,19-hexaenamide (D7)

Yield: 85%; Appearance: Yellow oil; IR (v, cm™): 1653
(C=0), 3270 (N-H), 3398 (O-H); 'HNMR (CDCI3): § ppm
0.958 - 0.996 (t, 3H, CHj;), 2.054 - 2.108 (m, 2H, CH,), 2.178 -
2.289 (m, 2H, CH,), 2.302 - 2.314 (m, 2H, CH,), 2.793 - 2.879
(m, 10H, CH2), 3.313 - 3.383 (m, 2H, CH,), 3.449 - 3.534 (m,
2H, CH,), 3.703 - 3.739 (m, 1H, CH), 5.336 - 5.346 (m, 12H,
CH), 7.938 (s, 1H, NH); LC-MS (ESI) m/z: 424 (M+23); Anal.
Calcd for C,5H39NO5: C, 74.77; H, 9.79; N, 3.49; Found: C,
74.79; H, 9.76; N, 3.48.

3.28. (4Z,72]10Z]13Z,16Z,19Z)-N-(2-aminoethyl) ~ docosa-

4,7,10,13,16,19-hexaenamide (D8)

Yield: 59%; Appearance: Yellow oil; IR (v, cm™): 1632

(C=0), 3295 (N-H); 'THNMR (CDCI3): § ppm 0.908-0.941 (t,
3H, CH3), 1.840 (s, 2H, NH2), 2.092-2.148 (m, 4H, CH2),
2.197-2.272 (m, 2H, CH2), 2.602-2.633 (t, 2H, CH2), 2.784-
2.831 (m, 10H, CH2), 3.074-3.118 (m, 2H, CH2), 5.315-5.352
(m, 12H, CH), 8.064 (t, 1H, NH); LC-MS (ESI) m/z: 371 (M+1);
Anal. Calcd for C24H38N20: C, 77.79; H, 10.34; N, 7.56;
Found: C,77.78; H,10.31; N, 7.59.

3.2.9. (9Z,12Z)-N-(2-hydroxyethyl) octadeca-9,12-dienamide
(L1)

Yield: 83%; Appearance: Yellow oil; IR (v, cm™): 1647
(C=0),3310 (0-H); 'THNMR (CDCl,): 8 ppm 0.856 - 0.889 (t,
3H, CH;), 1.289 (m, 14H, CH,), 1.603 (m, 2H, CH,), 2.006 -
2.039 (t of d, 4H, CH,), 2.164 - 2.201 (t, 2H, CH,), 2.737 -
2.768 (t, 2H, CH,), 3.368 - 3.379 (t, 2H, CH,), 3.658 - 3.680 (t,
2H, CH,), 5.307 - 5.382 (m, 4H, CH), 6.545 (s, 1H, NH); LC-
MS (ESI) m/z: 346 (M+1); Anal. Calcd for C,,H;,NO,: C,
74.25; H,11.53; N, 4.33; Found: C, 74.28; H, 11.51; N, 4.34.

3.210.  (9Z,12Z)-N,N-bis(2-hydroxyethyl)
dienamide (L2)

octadeca-9,12-

Yield: 74%; Appearance: Yellow oil; IR (v, cm™): 1677
(C=0), 3414 (O-H); 'THNMR (CDCl;): § ppm 0.891 - 0.926 (t,
3H, CH;), 1.272 - 1.409 (m, 14H, CH,), 1.620 - 1.655 (t, 2H,
CH,), 2.040 - 2.093 (t of d, 4H, CH,), 2.305 - 2.343 (t, 2H,
CH,), 2.774 - 2.806 (t, 2H, CH,), 3.519 (bs, 4H, -NCH,-), 3.687
(bs, 4H, -CH,-OH), 4.331(s, 1H, OH), 5.027 (s, 1H, OH), 5.315-
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5.420 (m, 4H, CH); LC-MS (ESI) m/z: 368 (M+1); Anal. Calcd
for C,,H4NO;: C, 71.89; H, 11.24; N, 3.81; Found: C, 71.85; H,
11.25; N, 3.82.

3.2.11. (9Z,12Z)-1-morpholinooctadeca-9,12-dien-1-one (L3)

Yield: 74%; Appearance: Yellow oil; IR (v, cm™): 1655
(C=0); 'THNMR (CDCl,): § ppm 0.866 - 0.875 (t, 3H, CHj3),
1306 (bs, 14H, CH,), 1.608 (m, 2H, CH,), 2.027 (m, 4H,
CH,), 2.281-2.296 (t, 2H, CH,), 2.756 (m, 2H, CH,), 3.446 (t,
3H, CH,), 3.603 - 3.648 (t, 5H, CH,), 5.328 (m, 4H, CH); LC-
MS (ESI) m/z: 372 (M+23); Anal. Calcd for C,,H;9NO,: C,
75.59; H, 11.25; N, 4.01; Found: C, 75.61; H, 11.23; N, 4.02.

3.2.12. (9Z,12Z)-N-(4-hydroxyphenyl)
dienamide (L4)

octadeca-9,12-

Yield: 82%; Appearance: Yellow oil; IR (v, cm_l): 1647
(C=0), 3288 (N-H), 3370 (O-H); 'HNMR (CDCl;): § ppm
0.884 - 0.913 (t, 3H, CH3), 1.313 (bs, 14H, CH,), 1.641 - 1.702
(m, 2H, CH,), 2.052 (bs, 4H, CH,), 2.283 - 2.362 (m, 2H,
CH,), 2.768 - 2.799 (m, 2H, CH,), 5.332 - 5385 (m, 4H, CH),

6.707 - 6.727 (d, 2H, CH), 7.192 - 7.212 (d, 2H, CH), 7.932 (s,
1H, NH); LC-MS (ESI) m/z: 410 (M+39); Anal. Calcd for
C,4H3,NO,: C, 77.58; H, 10.04; N, 3.77; Found: C, 77.55; H,

10.06; N, 3.79.

3.2.13.(9Z,12Z)-N-phenethyloctadeca-9,12-dienamide (L5)

Yield: 84%; Appearance: Yellow oil; IR (v, cm™): 1647
(C=0), 3288 (N-H); '"HNMR (CDCl;): § ppm 0.892 - 0.926 (t,
3H, CH;), 1.276 - 1.391 (m, 14H, CH,), 1.590 - 1.623 (m, 2H,
CH,), 2.042 - 2.093 (m, 4H, CH,), 2.115 - 2.153 (t, 2H, CH,),
2.776 - 2.855 (m, 4H, CH,), 3.521 - 3.570 (m, 2H, CH,), 5.318 -
5.411 (m, 4H, CH), 7.205 - 7.355 (m, 5H, CH); LC-MS (ESI)
m/z: 384 (M+1); Anal. Calcd for C,gH4;NO: C, 81.41; H, 10.77;
N, 3.65; Found: C, 81.44; H,10.75; N, 3.56.

3.2.14. (9Z,127)-1-(4-methylpiperazin-1-yl) octadeca-9,12-dien-
1-one (L6)

Yield: 75%; Appearance: Yellow oil; IR (v, cm_l): 1647
(C=0); 'THNMR (CDCl,): § ppm 0.910 - 0.934 (t, 3H, CHj;),
1.338 (bs, 14H, CH,), 1.619 - 1.666 (m, 2H, CH,), 2.044 - 2.078
(m, 4H, CH,), 2.319 - 2.350 (t, 2H, CH,), 2.501 (s, 3H, CH3;),
2.649 (bs, 4H, CH,), 2.778 - 2.809 (t, 2H, CH,), 3.670 (bs,
2H, CH,), 3.815 (bs, 2H, CH,), 5.314 - 5.409 (m, 4H, CH); LC-
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MS (ESI) m/z: 363 (M+1); Anal. Calcd for C,3H,4,N,0: C,
76.19; H,11.68; N, 7.73; Found: C, 76.16; H, 11.69; N, 7.75.

3.215.  (9Z12Z)-N-(2,3-dihydroxypropyl)
dienamide (L7)

octadeca-9,12-

Yield: 83%; Appearance: Yellow oil; IR (v, cm™): 1640
(C=0), 3317 (O-H); 'THNMR (DMSO-d6, 400 MHz): § ppm
0.844 - 0.881 (t, 3H, CH,), 1.241-1.296 (m, 14H, CH,), 1.450 -
1.491 (m, 2H, CH,), 1.993 - 2.089 (m, 6H, CH,), 2.721 - 2.755
(t, 2H, CH,), 2.934 - 3.001 (m, 1H, CH,), 3.136 - 3.198 (m, 1H,
CH,), 3.253 - 3.274 (m, 2H, CH,), 3.429 - 3.471 (m, 1H, OH),
5.272 - 5381 (m, 4H, CH); LC-MS (ESI) m/z: 354 (M+1), 376
(M+23); Anal. Calcd for CyH;gNO;: C, 71.34; H, 1112; N,
3.96; Found: C, 71.36; H, 11.10; N, 3.94.

3.2.16. (9Z,12Z)-N-(2-aminoethyl) octadeca-9,12-dienamide

(L8)

Yield: 65%; Appearance: Yellow oil; IR (v, cm™): 1632
(C=0), 3260, 3350; 'HNMR (CDCl,): § ppm 0.773 - 0.806 (t,
3H, CH;), 1.172 - 1.242 (m, 14H, CH,), 1.364 - 1.435 (m, 2H,
CH,), 1.765 (s, 2H, NH,), 1.923 - 1.985 (m, 6H, CH,), 2.652 -
2.682 (t, 2H, CH,), 2.941 - 2.987 (m, 2H, CH,), 3.381 - 3.440
(t, 2H, CH,), 5.203 - 5.311 (m, 4H, CH), 7.722 - 7.747 (t, 1H,
NH); LC-MS (ESI) m/z: 323 (M+1), 321 (M-1); Anal. Calcd for
C,oH3N,0: C, 74.48; H, 11.88; N, 8.69; Found: C, 74.47; H,
11.86; N, 8.72.

3.3. Cytotoxicity Evaluation

3.3.1. Cell Culture and Cell Viability Assay

The cytotoxic effects of DHA and LA derivatives
against the breast cancer cell line (MCF-7) were assessed,
with results compared to human dermal fibroblasts
(HDFs) as a normal cell line. Both cell lines were
provided by the Pasteur Institute of Iran (IPI). The cells
were cultured in RPMI medium containing 10% fetal
bovine serum (FBS) and 1% antibiotic solution
(comprising 10,000 units of penicillin and 10 mg
streptomycin in 0.9% NaCl). The cultures were incubated
at37°C with 5% CO,.

The MTT assay was used as a standard method for
evaluating the inhibitory effect of compounds. This
colorimetric assay is based on the conversion of yellow
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) to purple formazan
crystals via enzymatic reduction by NAD(P)H-dependent
oxidoreductase enzymes in metabolically active cells
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(35). According to a previously reported method, after 24
hours of incubation of cells (15,000 cells per well), six
different concentrations of D1-D8 (6.25 to 200 uM) and
L1-L8 (3.125 to 100 uM) were added to the wells, with each
concentration performed in triplicate. After 48 hours of
incubation, the culture medium was completely
removed from the wells. MTT solution, prepared at a
concentration of 0.5 mg/mL in phosphate-buffered
saline (PBS), was added (100 pL per well) and incubated
for 4 hours to allow metabolically active cells to reduce
the MTT to insoluble formazan crystals. Subsequently,
100 pL of solubilizing solvent containing 16% sodium
dodecyl sulfate (SDS) was added to each well, followed
by an additional 2 hours of incubation (36). Cell viability
was determined using a Cell Imaging Multi-Mode
Microplate Reader (Biotek, Cytation 3, USA), measuring
absorbance at 570 nm (37, 38).

3.3.2. Flow Cytometric Analysis

Apoptosis and necrosis were measured using a dead
cell apoptosis kit with annexin V-FITC and propidium
iodide (PI) (ApoFlowEXFITC, Exbio, Czech Republic)
according to the manufacturer’s protocol. The MCF-7
cells were cultured as described in the cell culture
section (section 3.3.1). MCF-7 cells were seeded in six-well

plates (2 x 10° cells per well) and treated for 48 hours
with synthesized compounds at three concentrations
(their ECsq, 2x EC5, /X ECsq) in triplicate. Cells were
collected through trypsinization, rinsed twice with PBS,
and then resuspended in 500 pL of binding buffer. The
cell suspensions were subsequently incubated with 5 pL
of annexin V-FITC and 5 pL of PI for 10 minutes at room
temperature in a dark environment. The cells were then
assessed immediately using flow cytometry, and the
data were analyzed using Flow]o version 7.6.5 (Tree Star,
Inc., Ashland, USA).

A distinguishing characteristic of cells undergoing
apoptosis is the translocation of phosphatidylserine
from the inner to the outer layers of the plasma
membrane, which can be identified by annexin V in this
assay. The PI identifies necrotic cells with compromised
plasma membranes (39-44).

3.4. Molecular Modeling Study

Protein tyrosine phosphatase 1B was chosen as the
receptor for docking studies of fatty acid derivatives (45,
46). The crystal structure of the PTP1B protein, PDB ID:
1QIM (catalytic site) and 1T4] (allosteric domain), was
downloaded from the protein data bank. The chemical
structures of the designed fatty acid derivatives were
drawn and optimized using the AMBER molecular

mechanics method, employing the Polak-Ribiere
algorithm via HyperChem 8.0 software. Preparation of
ligands and protein was done with AutoDock Tools
(Version 1.5.6rc3), which obtained PDBQT format, and
molecular docking was carried out using AutoDock Vina
(version 1.2.0) (47).

All water molecules and co-crystallized ligands were
removed from the crystallographic structures, and all
hydrogen atoms were added. Additionally, Kollman
charges were applied to all ligands and proteins, and
non-polar hydrogen atoms were merged. The center of
each grid was adjusted to the coordinates of the center
of the co-crystallized ligand. Docking was performed for
both catalytic and allosteric sites. The grid dimensions
were 30 x 30 x 30 points. Grid center coordinates were
set at X = 56.74, Y = 31.37, Z = 23.07 for the allosteric site
and X = 21.29, Y = 29.51, Z = 20.81 for the catalytic site to
calculate the energetic map.

After 100 docking runs, the conformations with the
best docking energy were analyzed using ViewerLite 5.0
and PyMOL software and were graphically displayed
with Discovery Studio 4.5 Visualizer software. Validation
was done with the PyMOL program (version 0.99rc6).

4. Results and Discussion

4.1. Chemistry

In this study, sixteen derivatives of DHA and LA were
designed and synthesized, as illustrated in Figures 2 and
3. The structures of compounds D1-D8 and L1-L8 were

confirmed using IH-NMR, LC-MS, FTIR, and elemental
analysis. A summary of the synthesized amide
derivatives is presented in Figure 1.

Due to the high number of non-conjugated double
bonds in DHA and the potential for side reactions
involving these sites, all reactions were conducted
under an inert nitrogen atmosphere to prevent
unwanted oxidation or polymerization. Additionally,
amide bonds are highly sensitive to hydrolysis in
aqueous, acidic, and basic environments, necessitating
the use of anhydrous solvents to improve reaction
efficiency. The pH conditions were carefully optimized
during workup and extraction to ensure maximum
product stability and yield.

For purification, TLC was preferred over column
chromatography due to the close movement of by-
products to the target compounds, making plate
chromatography a more effective separation technique.
Since various monofunctional and bifunctional amines
were employed in the synthesis, workup and
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Figure 2. Procedure for the synthesis of compounds D1-D7and L1-L7

D: Docosahexaenoic acid ] K,CO, (4 mmol)
L: Linoleic acid 4+ (CH3)250y methylester— D, L
Acetone / Reflux
(4 mmol)
(2 mmol)
0
DS /\=/\=/\=/\=/\=/\=/\)LNNNH2
A~ NH, pyridine
sthvlester. H,N
methylester— D, L + Hil Reflux

(1 mmol) (10 mmol)

0
L8: N\F\A/\N\)LHNNH?

Figure 3. Procedure for the synthesis of compounds D8 and L8. D, docosahexaenoic acid (DHA); L, linoleic acid (LA)

purification methods were implemented accordingly
for each compound.

It is noteworthy that for compounds D8 and L8, the
lowest yields (approximately 60%) were obtained. This
could be due to the bifunctionality of ethylenediamine,
which increases the chances of side reactions occurring
during the reaction course, leading to decreased yield. A
possible strategy to avoid this issue would be to use a
protected form of ethylenediamine, where only one
amine group remains reactive during the reaction.
Subsequent deprotection after the reaction could help
improve the selectivity and overall yield of the desired
amide products.

4.2. Docking Study

The results of docking studies for two compounds
(D3, L3) that showed more promising effects in
biological evaluations are demonstrated in Figure 4 and
5. Compounds D3 and L3 exhibit satisfactory interaction
with the active site of the PTP1B protein, with binding
affinities of -6.0 and -5.3 kcal/mol, respectively, for the

Iran ] Pharm Res. 2025; 24(1): €159523

catalytic site, and -6.8 and -5.8 kcal/mol, respectively, for
the allosteric site at a distance of less than 5 A.

The important residues in the catalytic site include
Arg 24 (distance: 2.61 A), Ala 27 (distance: 4.03 A), Arg 45
(distance: 3.43 A), Tyr 46 (distance: 3.73 A), Arg 47
(distance: 2.68 A), Asn 48 (distance: 2.21 A), Phe 182
(distance: 4.93 A), and Arg 254 (distance: 2.54 A) (Figure
4). For the allosteric site, the key residues are Pro 188
(distance: 4.04 A), Ala 189 (distance: 3.89 A), Asn 193
(distance: 3.16 A), and Phe 196 (distance: 3.62 A) (Figure
5).

In particular, these two compounds interact with
residues responsible for the potency and selectivity of
the active site. The best conformation obtained from
docking of co-crystallized ligands superimposed with
the co-crystallized ligands in 1QIM as the catalytic site
and 1T4G as the allosteric site using PyMOL software
confirms that compounds D3 and L3 are correctly
located in the catalytic and allosteric sites. The root
mean square deviation (RMSD) results were 0.4 and 1.2 A
for the catalytic and allosteric sites, respectively. Since


https://brieflands.com/articles/ijpr-159523

Hosseini M et al.

Brieflands

Figure 4. A, 3D image of the interaction of compound D3 with the catalytic site of PTP1B enzyme; B, 3D image of the interaction of compound L3 with the catalytic site of the

enzyme

Figure 5. A, 3D image of the interaction of compound D3 with the allosteric site of PTPIB enzyme, B, 3D image of the interaction of compound L3 with the enzyme

the obtained RMSD values were less than 2 A, the
docking method was considered valid.

To the best of our knowledge, docking analysis of
DHA and LA derivatives with PTPIB has not been
reported, except for a blind docking of compound DHA
with the PTP1B enzyme conducted by Kuban-Jankowska
et al. (26). They assessed the binding conformations and
potential interactions of DHA with various binding sites
of the enzyme, reporting probable interactions of DHA
with Lys116, Tyr46, and Arg221 at the allosteric site, and
possible interactions in the second binding site with
Arg79 and Asp236 (26).

4.3. Biological Evaluations

4.3.1. Functional Fatty Acid Derivatives Inhibited the Growth
of MCF-7 Cells In Vitro

A series of amide derivatives of DHA and LA were
synthesized and evaluated for their cytotoxic effects on
MCE-7 breast cancer cells and HDF normal cells. As
illustrated in Figure 6, the cytotoxicity results revealed
that compounds D3, L7, and L3 demonstrated the most

promising cytotoxic activity, with ECs, values of 15.96 +
2.89 uM, 19.2 £2.93 pM, and 24.64 +1.81 pM, respectively.

To assess selectivity, the Selectivity Index (SI) was
calculated as the ratio of EC5 against fibroblasts to EC5
against MCF-7 cells, with D3 (SI=18.79), L3 (SI = 6.88), and
L7 (SI = 3.37) showing superior selectivity compared to
cisplatin (SI = 118, EC;5 = 0.85 uM). The significant
selectivity of DHA derivatives can be attributed to the
fundamental biological differences between cancer and
normal cells, which make cancer cells more susceptible
to their effects while sparing normal fibroblasts.

Several mechanisms contribute to this preferential
cytotoxicity:

(1) Induction of oxidative stress: Cancer cells
naturally exhibit high oxidative stress, making them
more vulnerable to further increases in reactive oxygen
species (ROS) caused by DHA oxidation (27). The
peroxidation of PUFAs leads to the generation of
cytotoxic lipid peroxides, which induce apoptosis in
cancer cells, whereas normal cells, with more efficient
antioxidant defense systems, can better tolerate this
oxidative burden (9, 10, 48, 49).
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Figure 6. The EC;, of synthesized DHA (D1-D8) and LA (L1- L8) derivatives in MCF-7 and human dermal fibroblasts (HDFs)

(2) Disruption of lipid rafts and oncogenic signaling:
Docosahexaenoic acid and EPA derivatives readily
incorporate into cellular membranes, altering
membrane lipid composition and destabilizing lipid
rafts, which are critical for oncogenic signaling
pathways. By interfering with lipid raft domains, these
compounds inhibit receptor tyrosine kinases (RTKSs),
PI3K/Akt, and MAPK pathways, which are hyperactivated
in cancer cells to promote survival and proliferation (50,
51). Normal cells, which do not rely on these altered
signaling pathways for survival, remain relatively
unaffected.

(3) Preferential uptake by cancer cells: Cancer cells
exhibit increased expression of fatty acid transporters
such as CD36 and FATP, which enhances the selective
accumulation of DHA and EPA derivatives in tumor cells.
This leads to a higher intracellular concentration of
lipid peroxides and apoptotic signals, selectively
affecting cancer cells while sparing fibroblasts, which
have lower uptake of PUFAs (52-54).

(4) Activation of apoptotic pathways:
Docosahexaenoic acid and EPA derivatives enhance
mitochondrial membrane permeability, leading to

Iran ] Pharm Res. 2025; 24(1): €159523

cytochrome c release and caspase-dependent apoptosis.
Cancer cells, which often have dysregulated apoptotic
pathways, are more susceptible to these disruptions,
whereas normal cells with functional mitochondrial
integrity can better regulate apoptosis and survive (13).
While cisplatin displayed the highest potency (EC5, =

0.85 pM), its low SI (1.18) indicates a significant lack of
selectivity, meaning it is equally toxic to normal
fibroblasts and cancer cells. In contrast, D3, L3, and L7
demonstrated higher selectivity, suggesting a
potentially better therapeutic window with reduced off-
target toxicity. The severe side effects of cisplatin, such
as nephrotoxicity, neurotoxicity, and myelosuppression,
often limit its long-term clinical use (55). In comparison,
DHA-based compounds have been reported to exhibit
lower systemic toxicity, making them promising
candidates for further development as safer anti-cancer
agents.

Comparing the cytotoxic effect of DHA on MCF-7
breast cancer cell viability using the MTT assay, it was
revealed that DHA could reduce cell viability in a
concentration-dependent manner. Cell viability was
significantly reduced at 150 uM DHA (26), whereas in our
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Figure 7. The effect of compounds D3, L3, and L7 on early and late apoptosis or necrosis in MCF-7 cells detected by flow cytometry. Diagrams of annexin V- FITC[PI staining of MCF-
7 cells were presented. The quadrants were as follows: Q1, annexin V/PI+, necrosis; Q2, annexin V+/PI+, late or secondary apoptosis; Q3, annexin V/PI, early apoptosis; Q4, annexin

V+/PI, normal cells without apoptosis or necrosis.
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Figure 8. Analysis of the cell apoptosis with annexin-V/PI staining, using flow cytometry, the groups treated with fatty acid derivatives at (EC5, =X, 2x, x/2) tM concentration for

48 h. Data are presented as mean + SD (n =3 replicate).

study, derivatives of DA and even LA were able to reduce
cancer cell viability with lower ECs,.

4.3.2. Evaluation of Apoptosis Using Flow Cytometry

To further investigate the mode of cell death, flow
cytometry was performed on MCF-7 cells treated with
D3, L3, and L7, using annexin V-FITC/PI staining (Figure
7). The analysis confirmed that these derivatives
predominantly induced apoptosis rather than necrosis,

10

reinforcing the selective cytotoxicity observed in the
MTT assay. With increasing concentrations (%X, x, 2x
EC;(), apoptotic cell death progressively increased, with
D3 and L3 exhibiting the highest apoptotic potential
(Figure 8).

The results suggest that these derivatives may
activate both early and late apoptosis in MCF-7 cells,
further validating the pro-apoptotic effects of DHA and
EPA-based compounds. Previous studies have
demonstrated that DHA exerts its anti-cancer effects
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through apoptosis induction (13, 27, 56), mitochondrial
dysfunction, and oxidative stress (9, 10, 49). Our findings
confirm that amide derivatives of DHA and EPA follow a
similar mechanism, reinforcing their potential as
selective anti-cancer agents.

5. Conclusions

This study highlights the therapeutic potential of
amide derivatives of DHA and EPA as selective anti-
cancer agents. The molecular modeling and docking
studies demonstrated that the designed compounds
can orient properly in the active site of PTP1B and are
capable of forming hydrogen bonds and hydrophobic
interactions with amino acids.

Among the tested compounds, D3 demonstrated the
highest SI (18.79), followed by L3 (6.88) and L7 (3.37),
making them promising candidates for further
preclinical evaluation. Unlike cisplatin, which exhibits
poor selectivity and significant toxicity, DHA-based
derivatives selectively target cancer cells through
multiple mechanisms, including oxidative stress
induction, lipid raft disruption, enhanced uptake, and
apoptosis activation. In our study, D3, L3, and L7 were
selected for further studies on their mechanism of
action.

Finally, compounds D3 and L3, with cytotoxic
activities showing EC54s of 15.96 + 2.89 nM and 24.64 +
1.81 pM and apoptosis percentages of 20.5% and 47.1%,
respectively, were recognized as the most potent anti-
cancer compounds compared to the rest of the
derivatives. Although these compounds exhibit lower
potency than cisplatin, their significantly higher SI
suggests a safer profile, which could be advantageous in
reducing side effects.

Future studies should focus on mechanistic assays, in
vivo evaluations, and structure-activity relationship
(SAR) studies to optimize their anti-cancer potential.

Acknowledgements

The Research Council of Shahid Beheshti University
of Medical Sciences supported this research.

Supplementary Material

Supplementary material(s) is available here [To read
supplementary materials, please refer to the journal
website and open PDF/HTML|.

Footnotes

Iran ] Pharm Res. 2025; 24(1): €159523

Authors' Contribution: M. H. contributed to the
synthesis of the compounds, performing the biological
tests and writing the manuscript. E K. supervised the
project, designed the compounds, interpreted the data
and revised the manuscript. S. A. contributed to the
docking study and revising the manuscript. Sh. M.
contributed to cell culture experiments and flow
cytometry analysis. A. S. contributed to the synthesis of
the compounds. S. Sh. analyzed and interpreted the
data.

Conflict of Interests Statement: All authors declare
no conflict of interest.

Data Availability: The data presented in this study are
uploaded during submission as a supplementary file.

Ethical Approval: This study is conducted in
accordance with the ethical principles of the approval
code of IR.SBMU.PHARMACY.REC.1403.268 .

Funding/Support: The present study received no
funding/support.

References

1. Li S, Qin ], Tian C, Cao ], Fida G, Wang Z, et al. The targeting
mechanism of DHA ligand and its conjugate with Gemcitabine for
the enhanced tumor therapy. Oncotarget. 2014;5(11):3622-35. [PubMed
ID: 25004114]. [PubMed Central ID: PMC4116508].
https://doi.org[10.18632/oncotarget.1969.

2. Leng G, Duan B, Liu |, Li S, Zhao W, Wang §, et al. The advancements
and prospective developments in anti-tumor targeted therapy.
Neoplasia. 2024;56:101024. [PubMed ID: 39047659]. [PubMed Central
ID: PMC11318541]. https://doi.org/10.1016/j.ne0.2024.101024.

3. Puzzo M, De Santo M, Morelli C, Leggio A, Pasqua L. The Advent of
Molecular Targeted Therapies Against Cancer. Toward Multi-
Targeting Drugs Through Materials Engineering: A Possible Future
Scenario. Small Sci. 2024;4(8). https://doi.org[10.1002[smsc.202400113.

4. Yan S, Na J, Liu X, Wu P. Different Targeting Ligands-Mediated Drug
Delivery Systems for Tumor Therapy. Pharmaceutics. 2024;16(2).
[PubMed ID: 38399302]. [PubMed Central ID: PMC10893104].
https://doi.org/10.3390/pharmaceutics16020248.

5. Fu Z, Yoo MJY, Zhou W, Zhang L, Chen Y, Lu ]. Effect of (-)-
epigallocatechin gallate (EGCG) extracted from green tea in reducing
the formation of acrylamide during the bread baking process. Food
Chem. 2018;242:162-8. [PubMed ID: 29037673].
https://doi.org/10.1016/j.foodchem.2017.09.050.

6. Rovito D, Giordano C, Vizza D, Plastina P, Barone I, Casaburi I, et al.
Omega-3 PUFA ethanolamides DHEA and EPEA induce autophagy
through PPARgamma activation in MCF-7 breast cancer cells. | Cell
Physiol. 2013;228(6):1314-22. [PubMed ID: 23168911].
https://doi.org/10.1002/jcp.24288.

7. Begin ME, Ells G, Horrobin DE. Polyunsaturated fatty acid-induced
cytotoxicity against tumor cells and its relationship to lipid
peroxidation. | Natl Cancer Inst. 1988;80(3):188-94. [PubMed ID:
3346910]. https://doi.org/10.1093/jnci/80.3.188.

8. Chamras H, Ardashian A, Heber D, Glaspy JA. Fatty acid modulation
of MCF-7 human breast cancer cell proliferation, apoptosis and

11


https://brieflands.com/articles/ijpr-159523
https://ijpr.brieflands.com/cdn/dl/e694824c-0172-11f0-b0e3-bbd5c068aaed
https://ethics.research.ac.ir/ProposalCertificateEn.php?id=521759
http://www.ncbi.nlm.nih.gov/pubmed/25004114
https://www.ncbi.nlm.nih.gov/pmc/PMC4116508
https://doi.org/10.18632/oncotarget.1969
http://www.ncbi.nlm.nih.gov/pubmed/39047659
https://www.ncbi.nlm.nih.gov/pmc/PMC11318541
https://doi.org/10.1016/j.neo.2024.101024
https://doi.org/10.1002/smsc.202400113
http://www.ncbi.nlm.nih.gov/pubmed/38399302
https://www.ncbi.nlm.nih.gov/pmc/PMC10893104
https://doi.org/10.3390/pharmaceutics16020248
http://www.ncbi.nlm.nih.gov/pubmed/29037673
https://doi.org/10.1016/j.foodchem.2017.09.050
http://www.ncbi.nlm.nih.gov/pubmed/23168911
https://doi.org/10.1002/jcp.24288
http://www.ncbi.nlm.nih.gov/pubmed/3346910
https://doi.org/10.1093/jnci/80.3.188

Hosseini M et al.

Brieflands

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

12

differentiation. | Nutr Biochem. 2002;13(12):711-6. [PubMed ID:
12550055]. https://doi.org/10.1016/s0955-2863(02)00230-9.

Serini S, Piccioni E, Merendino N, Calviello G. Dietary
polyunsaturated fatty acids as inducers of apoptosis: implications
for cancer. Apoptosis. 2009;14(2):135-52. [PubMed ID: 19130233].
https://doi.org/10.1007/s10495-008-0298-2.

Siddiqui RA, Harvey KA, Xu Z, Bammerlin EM, Walker C, Altenburg ]D.
Docosahexaenoic acid: a natural powerful adjuvant that improves
efficacy for anticancer treatment with no adverse effects. Biofactors.
2011;37(6):399-412. [PubMed ID: 22038684].
https://doi.org/10.1002/biof.181.

Spencer L, Mann C, Metcalfe M, Webb M, Pollard C, Spencer D, et al.
The effect of omega3 FAs on tumour angiogenesis and their
therapeutic potential. Eur ] Cancer. 2009;45(12):2077-86. [PubMed ID:
19493674]. https://doi.org/10.1016/j.ejca.2009.04.026.

Newell M, Baker K, Postovit LM, Field CJ. A Critical Review on the
Effect of Docosahexaenoic Acid (DHA) on Cancer Cell Cycle
Progression. Int | Mol Sci. 2017;18(8). [PubMed ID: 28817068]. [PubMed
Central ID: PMC5578173]. https://doi.org/10.3390/ijms18081784.

Xue M, Ge Y, Yu C, Zheng Z, He X, Zhao ]. Apoptosis is induced by
docosahexaenoic acid in breast cancer cells via death receptor and
mitochondria-mediated pathways. Mol Med Rep. 2017;16(1):978-82.
[PubMed ID: 28586001]. https://doi.org[10.3892/mmr.2017.6678.

Dachev M, Bryndova ], Jakubek M, Moucka Z, Urban M. The Effects of
Conjugated Linoleic Acids on Cancer. Processes. 2021;9(3).
https://doi.org[10.3390/pr9030454.

Kuda O. Bioactive metabolites of docosahexaenoic acid. Biochimie.
2017;136:12-20. [PubMed ID: 28087294].
https://doi.org/10.1016/j.biochi.2017.01.002.

Balvers MG, Verhoeckx KC, Plastina P, Wortelboer HM, Meijerink J,
Witkamp RE. Docosahexaenoic acid and eicosapentaenoic acid are
converted by 3T3-L1 adipocytes to N-acyl ethanolamines with anti-
inflammatory properties. Biochim Biophys Acta. 2010;1801(10):1107-14.
[PubMed ID: 20601112]. https://doi.org/10.1016/j.bbalip.2010.06.006.

Brown I, Lee ], Sneddon AA, Cascio MG, Pertwee RG, Wahle KWJ, et al.
Anticancer effects of n-3 EPA and DHA and their endocannabinoid
derivatives on breast cancer cell growth and invasion. Prostaglandins
Leukot Essent Fatty Acids. 2020;156:102024. [PubMed ID: 31679810].
https://doi.org[10.1016[j.plefa.2019.102024.

Watson JE, Kim JS, Das A. Emerging class of omega-3 fatty acid
endocannabinoids & their derivatives. Prostaglandins Other Lipid
Mediat. 2019;143:106337. [PubMed ID: 31085370]. [PubMed Central ID:
PMC6685292]. https://doi.org/10.1016/j.prostaglandins.2019.106337.

de Bus I. Unravelling the interaction targets and metabolic fate of
docosahexaenoyl ethanolamide|dissertation]. Wageningen,
Netherlands: Wageningen University; 2021.

Giordano C, Plastina P, Barone I, Catalano S, Bonofiglio D. n-3
Polyunsaturated Fatty Acid Amides: New Avenues in the Prevention
and Treatment of Breast Cancer. Int | Mol Sci. 2020;21(7). [PubMed ID:
32224850]. [PubMed Central ID: PMC7178041].
https://doi.org/10.3390/ijms21072279.

Augimeri G, Bonofiglio D. Promising Effects of N-Docosahexaenoyl
Ethanolamine in Breast Cancer: Molecular and Cellular Insights.
Molecules. 2023;28(9). [PubMed ID: 37175104]. [PubMed Central ID:
PMC10180201]. https:|/doi.org[10.3390/molecules28093694.

Kim HY, Moon HS, Cao D, Lee ], Kevala K, Jun SB, et al. N-
Docosahexaenoylethanolamide = promotes  development  of
hippocampal neurons. Biochem J. 2011;435(2):327-36. [PubMed ID:
21281269]. [PubMed Central ID: PM(C3169088].
https://doi.org[10.1042/BJ20102118.

Rashid MA, Kim HY. N-Docosahexaenoylethanolamine ameliorates
ethanol-induced impairment of neural stem cell neurogenic
differentiation. Neuropharmacology. 2016;102:174-85. [PubMed ID:

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

26586023]. [PubMed Central ID:
https:|/doi.org[10.1016/j.neuropharm.2015.11.011.

PMC4698216].

Balavenkatraman KK, Aceto N, Britschgi A, Mueller U, Bence KK, Neel
BG, et al. Epithelial protein-tyrosine phosphatase 1B contributes to
the induction of mammary tumors by HER2/Neu but is not essential
for tumor maintenance. Mol Cancer Res. 2011;9(10):1377-84. [PubMed
ID: 21849469 [PubMed  Central ID:  PMC3580839].
https://doi.org/10.1158/1541-7786.MCR-11-0198.

Aceto N, Bentires-Alj M. Targeting protein-tyrosine phosphatases in
breast cancer. Oncotarget. 2012;3(5):514-5. [PubMed ID: 22626783].
[PubMed Central ID: PM(C3388179].
https://doi.org[10.18632/oncotarget.496.

Kuban-Jankowska A, Gorska-Ponikowska M, Sahu KK, Kostrzewa T,
Wozniak M, Tuszynski ]. Docosahexaenoic Acid Inhibits PTPIB
Phosphatase and the Viability of MCF-7 Breast Cancer Cells. Nutrients.
2019;11(11). [PubMed ID: 31652764]. [PubMed Central ID: PMC6893741].
https://doi.org/10.3390/nu11112554.

Kang KS, Wang P, Yamabe N, Fukui M, Jay T, Zhu BT. Docosahexaenoic
acid induces apoptosis in MCF-7 cells in vitro and in vivo via reactive
oxygen species formation and caspase 8 activation. PLoS One.
2010;5(4). €10296. [PubMed ID: 20421971]. [PubMed Central ID:
PMC2858652]. https://doi.org/10.1371/journal.pone.0010296.

Oztecik FE, Baylan M, Yilmaz MB. Effect of some fatty acids on
apoptosis related genes in human breast cancer. Indian | Experiment
Biol. 2023;61(2). https://doi.org/10.56042/ijeb.v61i02.54861.

Kim IH, Kanayama Y, Nishiwaki H, Sugahara T, Nishi K. Structure-
Activity Relationships of Fish Oil Derivatives with Antiallergic
Activity in Vitro and in Vivo. | Med Chem. 2019;62(21):9576-92.

[PubMed ID: 31618024].
https:[/doi.org[10.1021/acs.jmedchem.9b00994.
Sedaghat A, Rezaee E, Hosseini O, Tabatabai SA. Para-

Aminobenzohydrazide Derivatives as Fatty Acid Amide Hydrolase
Inhibitors: Design, Synthesis and Biological Evaluation. Iran | Pharm
Res. 2020;19(4):103-12. [PubMed ID: 33841526]. [PubMed Central ID:
PMC8019892]. https://doi.org/10.22037/ijpr.2020.113899.14551.

Christie WW. Preparation of ester derivatives of fatty acids for
chromatographic analysis. Adv lipid methodol. 1993;2(69). e11l.

Korneev S, Rosemeyer H. Synthesis of Functionalized Lipids, and
Their Use for a Tunable Hydrophobization of Nucleosides and
Nucleic  Acids.  Helvetica  Chimica  Acta.  2013;96(2):201-16.
https://doi.org/10.1002/hlca.201100410.

Liu P, Fan S, Wang B, Cao R, Wang X, Li S, et al. Design, synthesis and
biological evaluation of novel triaryldimethylaminobutan-2-ol
derivatives against Mycobacterium tuberculosis. Bioorg Chem.
2020;102:104054. [PubMed ID: 32663665].
https:[/doi.org[10.1016/j.bioorg.2020.104054.

Paramashivappa R, Phani Kumar P, Subba Rao PV, Srinivasa Rao A.
Synthesis of sildenafil analogues from anacardic acid and their
phosphodiesterase-5 inhibition. ] Agric Food Chem. 2002;50(26):7709-
13. [PubMed ID: 12475293]. https:|/doi.org[10.1021/jf0258050.

Karatop EU, Cimenci CE, Aksu AM. Colorimetric cytotoxicity assays.
London, UK: IntechOpen; 2022.

Riss TL, Moravec RA, Niles AL, Duellman S, Benink HA, Worzella TJ, et
al. Cell viability assays. Eli Lilly & Company and the National Center
for Advancing Translational Sciences, Bethesda (MD): USA; 2016.

Mielczarek-Puta M, Struga M, Roszkowski P. Synthesis and anticancer
effects of conjugates of doxorubicin and unsaturated fatty acids
(LINA  and DHA). Med Chem Res. 2019;28(12):2153-64.
https://doi.org/10.1007/s00044-019-02443-0.

Mokhtari S, Mosaddegh M, Moghadam MH, Soleymani Z, Ghafari S,
Kobarfard F. Synthesis and cytotoxic evaluation of novel 3-
substituted derivatives of 2-indolinone. Iran ] Pharmaceut Res.
2012;11(2):411.

Iran ] Pharm Res. 2025; 24(1): €159523


https://brieflands.com/articles/ijpr-159523
http://www.ncbi.nlm.nih.gov/pubmed/12550055
https://doi.org/10.1016/s0955-2863(02)00230-9
http://www.ncbi.nlm.nih.gov/pubmed/19130233
https://doi.org/10.1007/s10495-008-0298-2
http://www.ncbi.nlm.nih.gov/pubmed/22038684
https://doi.org/10.1002/biof.181
http://www.ncbi.nlm.nih.gov/pubmed/19493674
https://doi.org/10.1016/j.ejca.2009.04.026
http://www.ncbi.nlm.nih.gov/pubmed/28817068
https://www.ncbi.nlm.nih.gov/pmc/PMC5578173
https://doi.org/10.3390/ijms18081784
http://www.ncbi.nlm.nih.gov/pubmed/28586001
https://doi.org/10.3892/mmr.2017.6678
https://doi.org/10.3390/pr9030454
http://www.ncbi.nlm.nih.gov/pubmed/28087294
https://doi.org/10.1016/j.biochi.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20601112
https://doi.org/10.1016/j.bbalip.2010.06.006
http://www.ncbi.nlm.nih.gov/pubmed/31679810
https://doi.org/10.1016/j.plefa.2019.102024
http://www.ncbi.nlm.nih.gov/pubmed/31085370
https://www.ncbi.nlm.nih.gov/pmc/PMC6685292
https://doi.org/10.1016/j.prostaglandins.2019.106337
http://www.ncbi.nlm.nih.gov/pubmed/32224850
https://www.ncbi.nlm.nih.gov/pmc/PMC7178041
https://doi.org/10.3390/ijms21072279
http://www.ncbi.nlm.nih.gov/pubmed/37175104
https://www.ncbi.nlm.nih.gov/pmc/PMC10180201
https://doi.org/10.3390/molecules28093694
http://www.ncbi.nlm.nih.gov/pubmed/21281269
https://www.ncbi.nlm.nih.gov/pmc/PMC3169088
https://doi.org/10.1042/BJ20102118
http://www.ncbi.nlm.nih.gov/pubmed/26586023
https://www.ncbi.nlm.nih.gov/pmc/PMC4698216
https://doi.org/10.1016/j.neuropharm.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/26586023
https://www.ncbi.nlm.nih.gov/pmc/PMC4698216
https://doi.org/10.1016/j.neuropharm.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21849469
https://www.ncbi.nlm.nih.gov/pmc/PMC3580839
https://doi.org/10.1158/1541-7786.MCR-11-0198
http://www.ncbi.nlm.nih.gov/pubmed/22626783
https://www.ncbi.nlm.nih.gov/pmc/PMC3388179
https://doi.org/10.18632/oncotarget.496
http://www.ncbi.nlm.nih.gov/pubmed/31652764
https://www.ncbi.nlm.nih.gov/pmc/PMC6893741
https://doi.org/10.3390/nu11112554
http://www.ncbi.nlm.nih.gov/pubmed/20421971
https://www.ncbi.nlm.nih.gov/pmc/PMC2858652
https://doi.org/10.1371/journal.pone.0010296
https://doi.org/10.56042/ijeb.v61i02.54861
http://www.ncbi.nlm.nih.gov/pubmed/31618024
https://doi.org/10.1021/acs.jmedchem.9b00994
http://www.ncbi.nlm.nih.gov/pubmed/33841526
https://www.ncbi.nlm.nih.gov/pmc/PMC8019892
https://doi.org/10.22037/ijpr.2020.113899.14551
https://doi.org/10.1002/hlca.201100410
http://www.ncbi.nlm.nih.gov/pubmed/32663665
https://doi.org/10.1016/j.bioorg.2020.104054
http://www.ncbi.nlm.nih.gov/pubmed/12475293
https://doi.org/10.1021/jf0258050
https://doi.org/10.1007/s00044-019-02443-0

Hosseini M et al.

Brieflands

39.

40.

41.

42.

43.

44.

45.

46.

47.

Pizato N, Luzete BC, Kiffer L, Correa LH, Santos IO, Assumpcao JAF, et
al. Author Correction: Omega-3 docosahexaenoic acid induces
pyroptosis cell death in triple-negative breast cancer cells. Sci Rep.
2018;8(1):9775. [PubMed ID: 29930250]. [PubMed Central ID:
PMC6013433]. https://doi.org/10.1038/s41598-018-27850-y.

Poku RA, Jones K], Van Baren M, Alan ]JK, Amissah F. Diclofenac
Enhances Docosahexaenoic Acid-Induced Apoptosis in Vitro in Lung
Cancer Cells. Cancers (Basel). 2020;12(9). [PubMed ID: 32962236].
[PubMed Central ID: PMC7564004].
https://doi.org[10.3390/cancers12092683.

Riccardi C, Nicoletti I. Analysis of apoptosis by propidium iodide
staining and flow cytometry. Nat Protoc. 2006;1(3):1458-61. [PubMed
ID:17406435]. https://doi.org/10.1038/nprot.2006.238.

Septisetyani EP, Ningrum RA, Romadhani Y, Wisnuwardhani PH,
Santoso A. Optimization of Sodium Dodecyl Sulphate as a Formazan
Solvent and Comparison of 3-(4,-5-Dimethylthiazo-2-Yl)-2,5-
Diphenyltetrazolium Bromide (Mtt) Assay with Wst-1 Assay in Mcf-7
Cells. Indonesian J Pharm. 2014;25(4).
https://doi.org[10.14499/indonesianjpharm25iss4pp245.

Vermes I, Haanen C, Steffens-Nakken H, Reutelingsperger C. A novel
assay for apoptosis. Flow cytometric detection of phosphatidylserine
expression on early apoptotic cells using fluorescein labelled
Annexin V. | Immunol Methods. 1995;184(1):39-51. [PubMed ID:
7622868]. https://doi.org/10.1016/0022-1759(95)00072-i.

Zhang G, Gurtu V, Kain SR, Yan G. Early detection of apoptosis using a
fluorescent conjugate of annexin V. Biotechniques. 1997;23(3):525-31.
[PubMed ID: 9298227]. https://doi.org[10.2144/97233pfO1.

Kuban-Jankowska A, Kostrzewa T, Musial C, Barone G, Lo Bosco G, Lo
Celso F, et al. Green Tea Catechins Induce Inhibition of PTP1B
Phosphatase in Breast Cancer Cells with Potent Anti-Cancer
Properties: In Vitro Assay, Molecular Docking, and Dynamics Studies.
Antioxidants (Basel). 2020;9(12). [PubMed ID: 33266280]. [PubMed
Central ID: PMC7761018]. https://doi.org[10.3390/antiox9121208.

Przychodzen P, Kuban-Jankowska A, Wyszkowska R, Barone G, Bosco
GL, Celso FL, et al. PTP1B phosphatase as a novel target of oleuropein
activity in MCF-7 breast cancer model. Toxicol In Vitro. 2019;61:104624.
[PubMed ID: 31419504]. https://doi.org/10.1016/j.tiv.2019.104624.

Eberhardt ], Santos-Martins D, Tillack AF, Forli S. AutoDock Vina 1.2.0:
New Docking Methods, Expanded Force Field, and Python Bindings. J
Chem Inf Model. 2021;61(8):3891-8. [PubMed ID: 34278794]. [PubMed
Central ID: PMC10683950]. https://doi.org/10.1021/acs.jcim.1c00203.

Iran | Pharm Res. 2025; 24(1): €159523

48.

49.

50.

51

52.

53.

54.

55.

56.

Ashfaq W, Rehman K, Siddique MI, Khan Q. Eicosapentaenoic Acid
and Docosahexaenoic Acid from Fish Oil and Their Role in Cancer
Research. Food Rev Int. 2019;36(8):795-814.
https://doi.org/10.1080/87559129.2019.1686761.

D'Eliseo D, Velotti F. Omega-3 Fatty Acids and Cancer Cell Cytotoxicity:
Implications for Multi-Targeted Cancer Therapy. ] Clin Med. 2016;5(2).
[PubMed ID: 26821053]. [PubMed Central ID: PMC4773771].
https://doi.org/10.3390/jcm5020015.

Huang LH, Chung HY, Su HM. Docosahexaenoic acid reduces sterol
regulatory element binding protein-1 and fatty acid synthase
expression and inhibits cell proliferation by inhibiting pAkt
signaling in a human breast cancer MCF-7 cell line. BMC Cancer.
2017;17(1):890. [PubMed ID: 29282029]. [PubMed Central ID:
PMC5745739]. https://doi.org/10.1186/s12885-017-3936-7.

Shaikh IA, Brown I, Schofield AC, Wahle KW, Heys SD.
Docosahexaenoic acid enhances the efficacy of docetaxel in prostate
cancer cells by modulation of apoptosis: the role of genes associated
with the NF-kappaB pathway. Prostate. 2008;68(15):1635-46. [PubMed
ID: 18668525). https://doi.org[10.1002/pros.20830.

Feng WW, Zuppe HT, Kurokawa M. The Role of CD36 in Cancer
Progression and Its Value as a Therapeutic Target. Cells. 2023;12(12).
[PubMed ID: 37371076]. [PubMed Central ID: PMC10296821].
https://doi.org/10.3390/cells12121605.

Guerrero-Rodriguez SL, Mata-Cruz C, Perez-Tapia SM, Velasco-
Velazquez MA. Role of CD36 in cancer progression, stemness, and
targeting. Front Cell Dev Biol. 2022;10:1079076. [PubMed ID:
36568966]. [PubMed Central ID: PMC9772993].
https://doi.org[10.3389/fcell.2022.1079076.

Mallick R, Bhowmik P, Duttaroy AK. Targeting fatty acid uptake and
metabolism in cancer cells: A promising strategy for cancer
treatment. Biomed Pharmacother. 2023;167:115591. [PubMed ID:
37774669]. https:|/doi.org[10.1016/j.biopha.2023.115591.

Florea AM, Busselberg D. Cisplatin as an anti-tumor drug: cellular
mechanisms of activity, drug resistance and induced side effects.
Cancers (Basel). 2011;3(1):1351-71. [PubMed ID: 24212665]. [PubMed
Central ID: PMC3756417]. https://doi.org/10.3390/cancers3011351.

Xue M, Wang Q, Zhao ], Dong L, Ge Y, Hou L, et al. Docosahexaenoic
acid inhibited the Wnt/beta-catenin pathway and suppressed breast
cancer cells in vitro and in vivo. | Nutr Biochem. 2014;25(2):104-10.
[PubMed ID: 24290517]. https://doi.org/10.1016/j.jnutbio.2013.09.008.

13


https://brieflands.com/articles/ijpr-159523
http://www.ncbi.nlm.nih.gov/pubmed/29930250
https://www.ncbi.nlm.nih.gov/pmc/PMC6013433
https://doi.org/10.1038/s41598-018-27850-y
http://www.ncbi.nlm.nih.gov/pubmed/32962236
https://www.ncbi.nlm.nih.gov/pmc/PMC7564004
https://doi.org/10.3390/cancers12092683
http://www.ncbi.nlm.nih.gov/pubmed/17406435
https://doi.org/10.1038/nprot.2006.238
https://doi.org/10.14499/indonesianjpharm25iss4pp245
http://www.ncbi.nlm.nih.gov/pubmed/7622868
https://doi.org/10.1016/0022-1759(95)00072-i
http://www.ncbi.nlm.nih.gov/pubmed/9298227
https://doi.org/10.2144/97233pf01
http://www.ncbi.nlm.nih.gov/pubmed/33266280
https://www.ncbi.nlm.nih.gov/pmc/PMC7761018
https://doi.org/10.3390/antiox9121208
http://www.ncbi.nlm.nih.gov/pubmed/31419504
https://doi.org/10.1016/j.tiv.2019.104624
http://www.ncbi.nlm.nih.gov/pubmed/34278794
https://www.ncbi.nlm.nih.gov/pmc/PMC10683950
https://doi.org/10.1021/acs.jcim.1c00203
https://doi.org/10.1080/87559129.2019.1686761
http://www.ncbi.nlm.nih.gov/pubmed/26821053
https://www.ncbi.nlm.nih.gov/pmc/PMC4773771
https://doi.org/10.3390/jcm5020015
http://www.ncbi.nlm.nih.gov/pubmed/29282029
https://www.ncbi.nlm.nih.gov/pmc/PMC5745739
https://doi.org/10.1186/s12885-017-3936-7
http://www.ncbi.nlm.nih.gov/pubmed/18668525
https://doi.org/10.1002/pros.20830
http://www.ncbi.nlm.nih.gov/pubmed/37371076
https://www.ncbi.nlm.nih.gov/pmc/PMC10296821
https://doi.org/10.3390/cells12121605
http://www.ncbi.nlm.nih.gov/pubmed/36568966
https://www.ncbi.nlm.nih.gov/pmc/PMC9772993
https://doi.org/10.3389/fcell.2022.1079076
http://www.ncbi.nlm.nih.gov/pubmed/37774669
https://doi.org/10.1016/j.biopha.2023.115591
http://www.ncbi.nlm.nih.gov/pubmed/24212665
https://www.ncbi.nlm.nih.gov/pmc/PMC3756417
https://doi.org/10.3390/cancers3011351
http://www.ncbi.nlm.nih.gov/pubmed/24290517
https://doi.org/10.1016/j.jnutbio.2013.09.008

