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Abstract: A series of regioisomers of the hydroxystearic acid (HSA) was prepared, and the effect
of the position of the hydroxyl group along the chain on a panel of human cancer cell lines was
investigated. Among the various regioisomers, those carrying the hydroxyl at positions 5, 7, and 9
had growth inhibitor activity against various human tumor cell lines, including CaCo-2, HT29, HeLa,
MCF7, PC3, and NLF cells. 10-HSA and 11-HSA showed a very weak effect. 8-HSA did not show
inhibitory activity in all cell lines. The biological role of 7-HSA and 9-HSA is widely recognized,
while little is known about the effects of 5-HSA. Therefore, the biological effects of 5-HSA in HeLa,
HT29, MCF7, and NLF cell lines were investigated using the Livecyte’s ptychography technology,
which allows correlating changes in proliferation, motility, and morphology as a function of treat-
ment at the same time. 5-HSA not only reduces cell proliferation but also induces changes in cell
displacement, directionality, and speed. It is important to characterize the biological effects of 5-HSA,
this molecule being an important component of fatty acyl esters of hydroxy fatty acids (FAHFA), a
class of endogenous mammalian lipids with noticeable anti-diabetic and anti-inflammatory effects.

Keywords: hydroxystearic acids; cancer; quantum phase imaging; ptychography

1. Introduction

Hydroxy fatty acids and their derivatives are compounds of growing interest in many
scientific areas. In industry, they are widely used as lubricants [1–3], surfactants [4,5],
plasticizers [6], additives in coatings and paintings [7,8], components of detergents, cosmet-
ics [9,10], flavors [11], and foods [12–14]. They are ubiquitous in the biological world and
are mainly found in triacylglycerols, membrane phospholipids, waxes, cerebrosides, and
other lipids [15–17].

Among them, hydroxystearic acids have been widely studied for a long time, especially
12-hydroxystearic acid, due to its economical relevance and easy accessibility, it being
produced from castor oil [18]. At present, the interest of biologists has been directed
toward less investigated positional isomers, owing to their specific activity. Indeed, a
recent study reports on the effect of some regioisomeric hydroxystearic acids as agonists
of peroxisomal proliferator-activated receptors in increasing the anti-ageing potential of
retinoids [19]. There has also been growing attention paid to fatty acyl esters of hydroxy
fatty acids (FAHFA), a class of endogenous mammalian lipids with important effects on
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metabolism (e.g., anti-diabetic and anti-inflammatory effects) [20–22]. In these compounds,
hydroxystearic acids (HSAs), mostly 5-hydroxystearic acid (5-HSA), 7-hydroxystearic acid
(7-HSA), and 9-hydroxystearic acid (9-HSA), are esterified with palmitic acid (PAHSA)
or other long-chain fatty acids. Moreover, the inhibitory activities of both enantiomers
of 7-HSA and 9-HSA on A549, CaCo-2, and SF268 human cancer cell lines have been
reported [23].

The biological activity of 9-hydroxystearic acid, an endogenous lipid able to inhibit cell
growth in a series of cancer cell lines, has been, for a long time, the object of our research.
9-HSA acts as a histone deacetylase HDAC1 inhibitor and, in human colorectal adenocarci-
noma cells HT29, its effect is due to an arrest in the G0/G1 phase of the cell cycle [24–30].
Recently, our research focused on the development of delivering modes of (R)-9-HSA for
possible biomedical applications, by loading it in biocompatible keratin nanoparticles [31],
in magnetic nanoparticles [32], and in hydroxyapatite nanocrystals [33,34].

In the past, our group studied some positional homologs of hydroxystearic acid
(namely 2-HSA, 7-HSA, 8-HSA, 9-HSA, 10-HSA, and 12-HSA) relevant to material chem-
istry [35–37], organic chemistry [38,39], and biology [40,41]. Considering the already known
importance of both the carboxy- and the hydroxy- groups in inducing the antiproliferative
activity of 9-HSA [40], we planned to investigate the influence of the position of the hy-
droxy group along the stearic chain on the viability and motility of a panel of cancer cell
lines. To this end, quantum phase imaging (QPI) based on ptychography was employed to
evaluate cell number, confluence, cell dry mass, cell morphology, and motility [42,43].

Among all positional isomers of hydroxystearic acid, we decided to synthesize and
investigate those shown in Figure 1, bearing the hydroxy group both on even and odd
carbon atom. To the best of our knowledge, this is the first study on the anticancer activity
of 5-HSA, 8-HSA, and 11-HSA.

Figure 1. Hydroxystearic acids considered in current study.

In this screening study, we opted for a simple synthetic chemical route able to obtain
quickly the intended products with a good yield, starting from commercially available
precursors. The outcomes of such synthesis are racemic mixtures, and due attention was
exerted when comparing the antiproliferative activity with that reported in the literature for
the pure enantiomeric species, owing to the relevance of HSAs’ chirality on their biological
activity [23,44].

2. Results and Discussion
2.1. Synthesis of Regioisomeric Hydroxystearic Acids

The synthesis of the series of racemic HSAs, namely 5-HSA (5a in Scheme 1), 7-HSA
(5b in Scheme 1), 8-HSA (5c in Scheme 1), 9-HSA (5d in Scheme 1), and 10-HSA (5e
in Scheme 1) was carried out starting from different points of the synthetic pathway
depending on the commercial availability of the intermediates (Scheme 1). Keto derivatives
3c and 3d, precursors of 8-HSA and 9-HSA, respectively, were obtained by addition at
low temperature of the appropriate Grignard reagent to the acyl chloride 2c (commercially
available) and 2d, respectively. The latter was prepared from the azelaic acid monomethyl
ester 1d and thionyl chloride. Compounds 3c and 3d, together with commercially available
3a, 3b, and 3e, were subjected to reduction in the keto group followed by hydrolysis of the
esters functionality to give final compounds 5a–e.
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Scheme 1. Synthetic routes to HSA derivatives 5a–e.

A different and novel procedure was developed for the synthesis of 11-HSA (5f). As
shown in Scheme 2, cross metathesis (CM) reaction [45] between 1-decen-3-ol (6) [46] and
oleic acid (7) (1:3, respectively), carried out under microwave (MW) irradiation at 63 ◦C
for 30 min with Grubbs Catalyst® M51 afforded a complex mixture of CM products [47]
from which the unsaturated hydroxyacid (8) [48] in 20% yield was isolated by flash chro-
matography. After hydrogenation of compound 8 by an H-Cube system (ThalesNano
Inc., cartridge containing 5% Pt/C) continuously producing H2 gas in small aliquots by
electrolytic decomposition of H2O [49], the desired 11-HSA (5f) was obtained in 47% yield.

Scheme 2. Synthesis of 11-HSA (5f).

2.2. Biological Activity
Cell Growth Inhibitory Effects of HSAs on Human Cancer Cell Lines

The growth inhibitory effects of six regioisomers of HSA on CaCo-2, HT29, HeLa,
MCF7, PC3, and NLF cells were evaluated using the MTT assay, and the results are shown
in Table 1.
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Table 1. IC50 (µM) values of the HSA derivatives in the analyzed tumor cell lines.

5-HSA
IC50

7-HSA
IC50

8-HSA
IC50

9-HSA
IC50

10-HSA
IC50

11HSA
IC50

CaCo2
R square

25.1 µM
0.8889

42.5 µM
0.9731 > 100µM 32.6 µM

0.9472
68.3 µM
0.9730

27.6 µM
0.9944

HT29
R square

51.3 µM
0.9575

14.7 µM
0.9255 > 100µM 30.7 µM

0.9635
77.2 µM
0.9048

56.9 µM
0.8918

HeLa
R square

22.1 µM
0.9886

26.6 µM
0.9703 > 100µM 26.9 µM

0.9321
41.7 µM
0.8073

31.5 µM
0.8981

MCF7
R square

46.4 µM
0.9820

21.4 µM
0.9447 > 100µM 49.1 µM

0.9866
38.7 µM
0.9599

35.8 µM
0.9681

PC3
R square

31.6 µM
0.9516

24.3 µM
0.9183 > 100µM 23.4 µM

0.9499
34.0 µM
0.8826

61.4 µM
0.9610

NLF
R square

38.5 µM
0.9971

24.9 µM
0.8366 > 100µM 33.1 µM

0.9960
74.6 µM
0.9887

29.7 µM
0.9841

Interestingly, the in vitro potency is not only influenced by the position of the hydroxy
group in the chain but also by the characteristics of the individual cell lines.

In general, 5-HSA, 7-HSA, and 9-HSA showed statistically significant inhibitory
potency, while 10-HSA and 11-HSA exhibited a very weak effect. 8-HSA showed no
inhibitory activity in all cell lines.

7-HSA was found to exhibit the highest growth inhibitory potency (IC50 values 14.7,
26.6, 21.4, 24.3, and 24.9 µM for HT29, HeLa, MCF7, PC3, and NLF cells, respectively),
5-HSA (IC50 values 25.1 and 22.1 µM for CaCo-2 and HeLa cells, respectively), 11-HSA
(IC50 values 27.6, 35.8, and 29.7 µM for CaCo-2, MCF7, and NLF cells, respectively), all
being clearly more potent than their regioisomer, 9-HSA.

Prior to this study, we had reported that 9-HSA upregulates p21WAF1 in HT29
cancer cells [24] and inhibits cell growth in human colon cancer cells by targeting histone
deacetylase 1 [25].

Other authors demonstrated that both (R) enantiomers of 7-HSA and 9-HSA induce
the arrest of the cell cycle but do not promote apoptosis [23]. Furthermore, no growth
inhibitory effect of 7-PAHSA, 9-PAHSA, and oleic acid-hydroxy stearic acid (9-OAHSA) was
observed, excluding the possibility that such an effect was caused by FAHFAs generated in
cells after HSA treatment. These observations indicate that acylation of the hydroxyl group
in a fat chain destroys growth inhibitory potency [23].

While the biological role of 7-HSA and 9-HSA is widely recognized, little is known
about the effects of 5-HSA. For this reason, we decided to further investigate the biological
effects of 5-HSA in HeLa, HT29, MCF7, and NLF cell lines. To this end, Livecyte’s ptychog-
raphy technology allows correlating changes in proliferation, motility, and morphology as
a function of treatment at the same time.

In Figure 2, the images of the cells at 0 and 72 h of treatment are reported. It is evident
that 5-HSA inhibits cell proliferation, but the cells after 72 h of treatment are still adherent.
However, several cells with a rounded morphology are present in all the samples. In MCF7
and HT29, dense cells (indicated in yellow circles), which appear whiter than the others,
seem to indicate the induction of apoptosis.

In Figure 3A–C, the doubling times calculated as cell counts and as dry mass of a
typical experiment are reported.

In Figure 3A, the graph clearly shows how 5-HSA more strongly reduces cell prolif-
eration rate and increases cell doubling time in MCF7 (from 24 to 80 h), HT29 (from 25 to
75 h), and NLF cells (from 25 to 75 h), than in HeLa (from 22 h to 50 h).

The graph 3B shows how 5-HSA decreases the total dry mass accumulation per field
of view in all cell lines, except in HeLa.
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Figure 2. Quantitative phase images. Representative images at 0 and 72 h of HeLa, HT29, MCF7, and
NLF control cells and treated with 50 µM 5-HSA. Yellow circles indicate dense cells.

The dry cell mass is an important parameter; in fact, it represents the total mass of all
cellular components, including proteins, lipids, carbohydrates, and DNA, excluding water.

Graph 3C shows how the differences between 5-HSA groups and control in dry mass
doubling time are higher for MCF7 (from 30 to 145 h), HT29 (from 25 to 150 h), and NLF
(from 50 to 200 h) than for Hela (from 30 to 50 h) cells. This indicates that, especially in
MCF7, HT29, and NLF, treatment with 5-HSA decreases proliferation and also that the
cells are smaller but still alive and attached.

The minor growth inhibition caused by 5-HSA on HeLa cells can be attributed to a
specific cell behavior.

However, the differences of the doubling time of dry mass between 5-HSA groups
and control are more marked than those observed for the cell doubling time (Figure 3A,C).
This indicates that, in these cells, the reduction in proliferation and biomass synthesis is
most affected.

Instead, in HeLa, treatment with 5-HSA shows a similar trend in median dry cell mass
compared to control group. This indicates that in HeLa, individual cell growth (increase in
biomass) increases, but cells do not proliferate. This could be interpreted as a consequence
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of cell cycle arrest in G1; however, further studies would be required to confirm such
an interpretation.

Figure 3. Effect of 50 µM 5-HSA treatment on cell proliferation and morphology. (A) Histogram plot
illustrating median cell doubling time. (B) Distribution of the cellular dry mass for HeLa, MCF7,
HT29, and NLF cells, treated and control. (C) Histogram plot illustrating dry mass doubling time of
cells, treated and control.

Deregulation of cell motility can result in diseases, such as cancer, autoimmune dis-
orders, neurological diseases, and chronic inflammation. Direct, non-invasive label-free
imaging measurements of cell motility allow detecting cell speed, which is independent of
factors such as proliferation, path directionality, and tortuousness [42].

In Figure 4, the plots for cell displacement (A), directionality (B), and velocity (C) are
reported. Treatment reduces the cellular movements in MCF7 cells, while the directionality
is more affected in NLF cells, which move less and in a more asymmetric way. The
instantaneous velocity is diminished in all cells, except in HeLa. Motility measurements
indicate that HeLa are less affected by 5-HSA, showing speed and directionality similar to
control; only displacement is slightly reduced. On the other hand, MCF7 are blocked in
their movements, both in displacement and speed. It is interesting that only NLF show a
modified directionality with respect to the other cell lines. Motility measurements confirm
the heterogeneity of the response of these cells to 5-HSA, even if this reduced parameter
could suggest a minor metastatic capability.
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3. Materials and Methods
3.1. Chemical Synthesis
3.1.1. General

The nuclear magnetic resonance spectra (1H NMR and 13C NMR,) were recorded at
25 ◦C on the Varian Spectrometer Mercury 400 and 400-MR (Varian, Palo Alto, Santa Clara,
CA, USA) both operating at 400 MHz for proton. Frequencies are reported in Hz, and the
chemical shifts were referenced to the solvent (CDCl3, δ = 7.27 and 77.0 ppm for 1H and
13C NMR, respectively). Signal multiplicities were established by DEPT-135 experiments.
ESI-MS spectra were recorded using a Waters 2Q 4000 instrument (Waters Corporation,
Milford, MA, USA). Melting points were measured on a Büchi apparatus (Stone, Staffs, UK)
and are not corrected. For flash chromatography (FC), silica gel 0.037–0.063 mm (Merck
KGaA, Darmstadt, Germany) was used as stationary phase. Thin layer chromatography
(TLC) was carried out on silica gel 60 (Fluka Analytical, Buchs, Switzerland), and the spots
were revealed using an aqueous solution of (NH4)6MoO24 (2.5%) and (NH4)4Ce(SO4)4
(4%) in 10% H2SO4. Microwave irradiations were performed by an Anton Paar Monowave
400 (Anton Paar GmbH Graz, Graz, Austria) instrument. Continuous hydrogenation was
performed with an H-cube Mini-Plus Thales-Nano system (Thalesnano Inc, Budapest,
Hungary) using a cartridge containing 5% Pt/C, 15 bar inlet pressure, 1 mL/min flow
rate, 25 ◦C temperature, 30 bar H2 pressure, 2 runs of a 0.01 M solution of compound 2 in
ethanol. Nonanedioic acid 1-methyl ester (1d), methyl 8-chloro-8-oxooctanoate (2c), methyl
5-oxooctadecanoate (3a), methyl 7-oxooctadecanoate (3b), methyl 10-oxooctadecanoate (3e),
n-decylmagnesium bromide (1.0 M in diethyl ether), thionyl chloride, and Grubbs Catalyst®

M51 were purchased from Sigma-Aldrich (Milan, Italy). 1-Decen-3-ol (6) was obtained by
vinylation of n-octanal with vinyl magnesium bromide according to the literature [46].

7-Hydroxyoctadecanoic acid (5b), 8-hydroxyoctadecanoic acid (5c), 9-hydroxyoctadecanoic
acid (5d), and 10-hydroxyoctadecanoic acid (5e) were prepared according to the procedure
previously reported by us [38,41] and shown in Scheme 1, and their chemico-physical data
agree with those reported there.

3.1.2. Synthesis of Methyl 5-Hydroxyoctadecanoate (4a)

Sodium borohydride (0.152 g, 4.0 mmol) was added portion-wise to a solution of
methyl 5-oxooctadecanoate (3a, 0.625 g, 2.0 mmol)) in methanol (20 mL), and the mixture
was stirred at room temperature. The reaction progress was monitored by TLC (light
petroleum/diethyl ether: 7/3). Once the absence of the starting keto derivative was
verified, the reaction mixture was treated with water (5 mL) and extracted with ethyl
acetate (3 × 10 mL). After extraction with brine, the collected organic layers were dried over
anhydrous MgSO4 and filtered. The solvent was removed ‘in vacuo’ and after purification
by flash chromatography of the residue, pure 4a (0.520 g, 1.66 mmol, 83%) was obtained.
Characterization data of compound 4a agree with those reported in the literature [50–52].
Some 13C NMR signals were assigned on the basis of ref. [52].

3.1.3. Synthesis of 5-Hydroxyoctadecanoic Acid (5-HSA, 5a)

Methyl 5-hydroxyoctadecanoate (4a, 0.450 g, 1.43 mmol) was dissolved (with a slight
warming) in 25 mL of a solution of KOH in methanol (10% w/v) and stirred for 2 h at
room temperature. The reaction was monitored by TLC (eluent: petroleum ether/diethyl
ether 7/3). The solvent was completely removed under vacuum, and the light-yellow
solid was dissolved in water and acidified with 6 M HCl until precipitation of the acid as a
white solid. This mixture was extracted with ethyl acetate (3 × 20 mL), and the organic
layers were dried over anhydrous MgSO4. After filtration, the solvent was removed under
vacuum. The white residue was recrystallized from methanol to give pure 5a (0.300 g,
1 mmol, 70% yield). White solid, m.p.: 80.6–81.8 ◦C (Lit. [53]: 81 ◦C), 1H NMR (CDCl3,
25 ◦C, 400 MHz) δ (ppm): 3.65–3.57 (m, 1H), 2.40 (t, J = 7.4 Hz, 2H), 1.88–1.76 (m, 1H),
1.76–1.64 (m, 1H), 1.59–1.36 (m, 4H), 1.36–1.20 (m, 22H), 0.88 (t, J = 6.9 Hz, 3H); 13C NMR
(CDCl3, 25 ◦C, 100.5 MHz) δ (ppm): 178.0 (C-1), 71.6 (C-5), 37.5 (C-6), 36.5 (C-4), 33.6 (C-2),
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31.9 (C-16), 29.68 (C-14), 29.66 (C-13), 29.65 (C-12), 29.64 (2 signals overlapped, C-10, C-11),
29.60 (C-9), 29.59 (C-8), 29.3 (C-15), 25.6 (C-7), 22.7 (C-17), 20.8 (C-3), 14.1 (C-18); ESI-MS
(m/z): 301 [M + H+], 323 [M + Na+], 339 [M + K+].

3.1.4. Synthesis of 11-Hydroxyoctadecanoic Acid (11-HSA, 5f)
Synthesis of 11-Hydroxy-9-octadecenoic Acid (8)

In a G10 vial for Anton Paar Monowave 400 instrument, 1-decen-3-ol (6, 0.165 g,
1.06 mmol), oleic acid (7, 0.895 g, 3.17 mmol), and Grubbs Catalyst® M51 (6.93 mg, 0.01 mmol)
dissolved in 1 mL of CH2Cl2 were added. The temperature was set to 63 ◦C, and the
mixture was irradiated for 30 min under stirring. The brown crude reaction mixture was
immediately purified by flash chromatography (ethyl acetate/light petroleum, gradient
from 5% up to 14% and adding 0.5 mL of glacial acetic acid every 100 mL of eluent),
compound 8 (0.063 g, 0.21 mmol) was isolated in 20% yield. All spectroscopic data are in
accordance with the literature [48], Rf = 0.42 light petroleum/ethyl acetate 80:20 + 1 mL of
glacial acetic acid every 100 mL. Characterization data of compound 8 agree with those
reported in the literature [48].

Synthesis of 11-Hydroxyoctadecanoic Acid (11-HSA, 5f)

Compound 8 (0.045 g, 0.15 mmol) was dissolved in 15 mL of ethanol, and the solution
was hydrogenated with an H-cube Mini-Plus Thales-Nano system using a cartridge con-
taining 5% Pt/C, 15 bar inlet pressure, 1 mL/min flow rate, 25 ◦C temperature, 30 bar H2
pressure, 2 runs. After evaporation of the solvent, the crude reaction mixture was dissolved
in ethyl acetate and extracted with a phosphate-buffered solution at pH = 7.4 in order to
remove octadecanedioic acid formed as a by-product. The organic phase was dried on
anhydrous Na2SO4 and evaporated to afford 11-HSA.

11-Hydroxystearic acid (5f, 11-HSA): 47% yield (0.020 g, 0.07 mmol). M.p.: 68.3–68.6 ◦C
(Lit. [54]: 71–72 ◦C), 1H NMR (400 MHz, CDCl3) δ (ppm) 3.59 (bs, 1H, H-11), 2.7–2.2 (bs,
2H, OH), 2.35 (t, J = 7.5 Hz, 2H), 1.69–1.57 (m, 2H), 1.36 (m, 26H), 0.88 (t, J = 6.9 Hz, 3H);
13C NMR (100.5 MHz, CDCl3) δ 179.32 (C-1), 72.10 (C-11), 37.42 (C-12), 37.38 (C-10), 33.94
(C-2), 31.82 (C-16), 29.65 (C-14), 29.59 (C-8), 29.46 (C-7), 29.28 (2 signals overlapped, C-6,
C-15), 29.14 (C-5), 28.99 (C-4), 25.63 (C-13), 25.57 (C-9), 24.64 (C-3), 22.64 (C-17), 14.08 (C-18).
ESI-MS (m/e): 301 [M + H]+, 323 [M + Na]+, [M + K]+.

3.2. Biology
3.2.1. Cell Culture and Treatments

The human colorectal adenocarcinoma (CaCo-2), human colorectal adenocarcinoma
(HT29), human cervical cancer (HeLa), human breast cancer (MCF7), human caucasian
prostate adenocarcinoma (PC3), and human neuroblastoma (NLF) cell lines were purchased
from American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in
RPMI 1640 medium (Labtek Eurobio, Milan, Italy), supplemented with 10% FCS (Euroclone,
Milano, Italy) and 2 mM L-glutamine (Sigma-Aldrich, Milano, Italy), at 37 ◦C, and a 5%
CO2 atmosphere. The compounds were dissolved in ethanol in a 30–40 mM stock solution.
In cell treatments, the final ethanol concentration never exceeded 0.2%.

3.2.2. MTT Assay

Cells were seeded at 1.5 × 104 cells/well in a 96-well culture plastic plate (Sarsted,
Milan, Italy), and after 24 h growth they were exposed to increasing concentrations of
5-HSA (5a), or 7-HSA (5b), or 8-HSA (5c), or 10-HSA (5e), or 11-HSA (5f) (from 0.010 µM
to 500 µM) solubilized in RPMI 1640 medium. MTT assay was performed according to
Ref [55]. In brief, after 24 h treatment, the culture medium was replaced with 0.1 mL of
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) dis-
solved in PBS at the concentration of 0.2 mg/mL, and samples were incubated for 2 h at
37 ◦C. The absorbance at 570 nm was measured using a multi-well plate reader (Tecan,
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Männedorf, Switzerland), and data were analyzed by Prism GraphPad software and ex-
pressed as IC50 µM.

3.2.3. Quantitative Phase Image (QPI) Microscopy

Ptychography uses multiple diffraction patterns collected from spatially overlapping
regions of the samples to form QPI images. QPI is a label-free technique based on different
methods, which allows obtaining the phase information of light passing through the
cell. QPI techniques quantify the extent of phase delay introduced by the sample and
record it as pixel values within the generated image. Its intensity is due to the thickness
and the refraction index of the cell, which depends on the biomolecule composition and
organization within the cell [56–59].

Quantitative phase image (QPI) microscopy assay was performed using the Livecyte
microscope (Phase Focus Limited, Sheffield, UK) according to the manufacturer’s indica-
tions. In brief, HT29, HeLa, MCF7, and NLF were seeded in a 96-well plate (Sarsted, Milan,
Italy) at 4 × 103 per well. After 24 h, cells were treated with 5-HSA 50 µM in six replicates,
and the images were acquired every 60 min for 3 days using a 10× objective lens (0.25 NA),
at 37 ◦C and 5% CO2. Data were analyzed using the Cell Analysis Toolbox software (Phase
Focus Limited, Sheffield, UK) to evaluate cell growth, doubling times, and motility.

3.3. Statistical Analysis

All experiments were performed in triplicate and repeated at least three times. Results
were averaged, and the standard deviation was calculated. To determine statistical sig-
nificance, unpaired two-tailed Student’s t-test was used between 2 different independent
groups. A p-value below 0.05 was considered significant.

4. Conclusions

The regioisomeric series of hydroxystearic acids, namely 5-HSA, 7-HSA, 8-HSA,
9-HSA, 10-HSA, and 11-HSA were synthesized in good yield through simple multistep
synthetic procedures, and their growth inhibitory effects were evaluated on a panel of
cancer cell lines.

In general, isomers with the hydroxy group bound to odd carbon atoms (5-HSA,
7-HSA, and 9-HSA) showed significant inhibitory potency, while 10-HSA and 11-HSA
exhibited a very weak effect, and 8-HSA showed no inhibitory activity in all cell lines. Since
little is known about its effects, we focused particular attention on 5-HSA, demonstrating
that it shows cell growth inhibitory properties. Quantum phase imaging allowed us
to investigate 5-HSA effects more deeply on the four cell lines tested, since treatment
influences important cellular parameters, such as dry biomass, morphology, and motility.

The possibility of evaluating cell growth both as the number of cells and as biomass
allows us to show that 5-HSA not only reduces cell proliferation but also affects cell
morphology. In fact, the cells are smaller and more rounded, suggesting the induction
of apoptosis.

The study of cell migration and cell motility is of great importance to understand
disease. Cell migration can be the cause of cancer progression and metastases formation.
Cell motility is essential in many aspects of biology, e.g., immune regulation, tissue regener-
ation, and embryogenesis. In our studies, we demonstrated that 5-HSA affects cell motility,
in particular displacement, directionality, and velocity.

Furthermore, the observation that half maximal inhibitory concentration of 5-HSA in
HeLa (IC50 22.1 µM) is lower than in MCF7 (IC50 46.4 µM), HT29 (IC50 51.3 µM) and NLF
(IC50 38.5 µM) indicates how the potency of the molecule is affected by the characteristics
of the individual cell lines.

An important final consideration is that this is a preliminary work, performed using the
racemic mixture of the considered HSA derivatives. As demonstrated by Kokotou M. et al. [23],
it is important to consider the different biological activity of the enantiomers, and this will
be the object of future studies.



Molecules 2022, 27, 2396 10 of 12

Author Contributions: Conceptualization, C.B., N.C. and G.F.; investigation, C.B., N.C., D.T., P.N.,
F.A., G.F., G.M., M.G. and C.Z.; resources, C.B., N.C., G.F. and P.N.; writing—original draft prepara-
tion, C.B., N.C., G.F., P.N. and F.A.; writing—review and editing, C.B., N.C. and S.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Alma Mater Studiorum—Università di Bologna grant RFO
(to C.B., N.C. and G.F.) and University of Trieste (FRA 2020 and FRA 2021 P.N. and F.A.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Lanfranco Masotti for the helpful discussion. The authors
also thank the Centro Ricerca Biomedica Applicata (CRBA) for the analysis by means of Lifecyte
microscopy and Luca Zuppiroli for running the mass spectra.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of some compounds are available from the authors.

References
1. McDermott, G.N. Miscellaneous oil and fat products. In Bailey’s Industrial Oil and Fat Products; Swern, D., Ed.; John Wiley & Sons:

New York, NY, USA, 1982.
2. Teeter, H.M.; Gast, L.E.; Bell, E.W.; Cowan, J.C. Synthetic lubricants from hydroxystearic acids. Ind. Eng. Chem. 1953, 45,

1777–1779. [CrossRef]
3. Farroq, M.; Ramli, A.; Gul, S.; Muhammad, N.J. The Study of Wear Behaviour of 12-hydroxystearic Acid in Vegetable Oils. Appl.

Chem. 2011, 11, 1381–1385. [CrossRef]
4. Pryde, E.H.; Princen, L.H.; Mukherjiee, K.D. New Sources of Fats and Oils; American oil Chemists Society: Champaign, IL,

USA, 1981.
5. Svensson, M. Surfactants Based on Natural Fatty Acids. In Surfactants from Renewable Resources; Kjellin, M., Johansson, I., Eds.;

John Wiley & Sons: Chichester, UK, 2010.
6. Petrović, Z.S.; Cvetković, I.; Hong, D.; Wan, X.; Zhang, W.; Abraham, T.; Malsam, J. Polyester Polyols and Polyurethanes from

Ricinoleic Acid. J. Appl. Pol. Sci. 2008, 108, 1184–1190. [CrossRef]
7. Marrion, A.; Marrion, A.R. Binders for conventional coatings. In The Chemistry and Physics of Coatings; Marrion, A., Ed.; RCS

Publication: London, UK, 2004; Volume 1, pp. 96–150.
8. Naughton, F.C. Production, chemistry, and commercial applications of various chemicals from castor oil. J. Am. Oil Chem. Soc.

1974, 51, 65–71. [CrossRef]
9. Drovetskaya, T.V.; Yu, W.H.; Diantonio, E.F.; Jordan, S.L. Hair Styling and Conditioning Personal Care Films. US Patent No. US

2010/0209377 A1, 19 August 2010.
10. Grissett, G.A.; Keenan, D.M.; Macedo, F.A.; Williams, D.R. Fibrous Toilette Article. US Patent No. US 2005/0277566A1,

12/15/2005, 22 January 2008.
11. Schwab, W.; Davidovich-Rikanati, R.; Lewinsohn, E. Biosynthesis of plant-derived flavor compounds. Plant J. 2008, 54, 712–732.

[CrossRef]
12. Shahidi, F. (Ed.) Nutraceutical and Specialty Lipids and Their Co-Products; CRC Press: Boca Raton, FL, USA, 2006.
13. Hughes, N.E.; Marangoni, A.G.; Wright, A.J.; Rogers, M.A.; Rush, J.W.E. Potential food applications of edible oil organogels.

Trends Food Sci. Technol. 2009, 20, 470–480. [CrossRef]
14. Toro-Vazquez, J.F.; Morales-Rueda, J. Relationship between molecular structure and thermo-mechanical properties of candelilla

wax and amides derived from (R)-12-hydroxystearic acid as gelators of safflower oil. Food Biophys. 2010, 5, 193–202. [CrossRef]
15. Gunstone, F.D. Fatty Acid and Lipid Chemistry; Springer: Berlin, Germany, 1996.
16. Fulco, A.J. Fatty acid metabolism in bacteria. Prog. Lipid Res. 1983, 22, 133–160. [CrossRef]
17. Harwood, J.L.; Russell, N.J. Lipids in Plants and Microbes; Allen, G. & Unwin: London, UK, 1984.
18. Mubofu, E.B. Castor oil as a potential renewable resource for the production of functional materials. Sustain. Chem. Process. 2016,

4, 11. [CrossRef]
19. Rawlings, A.V.; Wandeler, E.; Bendik, I.; Fuchs, P.; Monneuse, J.-M.; Imfeld, D.; Schütz, R. Effect of regioisomers of hydroxystearic

acids as peroxisomal proliferator-activated receptor agonists to boost the anti-ageing potential of retinoids. Int. J. Cosmet. Sci.
2021, 43, 619–626. [CrossRef]

20. Wood, P.L. Fatty Acyl Esters of Hydroxy Fatty Acid (FAHFA) Lipid Families. Metabolites 2020, 10, 512. [CrossRef] [PubMed]
21. Brejchova, K.; Balas, L.; Paluchova, V.; Brezinova, M.; Durand, T.; Kuda, O. Understanding FAHFAs: From structure to metabolic

regulation. Prog. Lipid Res. 2020, 79, 101053. [CrossRef] [PubMed]

http://doi.org/10.1021/ie50524a045
http://doi.org/10.3923/jas.2011.1381.1385
http://doi.org/10.1002/app.27783
http://doi.org/10.1007/BF00000015
http://doi.org/10.1111/j.1365-313X.2008.03446.x
http://doi.org/10.1016/j.tifs.2009.06.002
http://doi.org/10.1007/s11483-010-9159-y
http://doi.org/10.1016/0163-7827(83)90005-X
http://doi.org/10.1186/s40508-016-0055-8
http://doi.org/10.1111/ics.12730
http://doi.org/10.3390/metabo10120512
http://www.ncbi.nlm.nih.gov/pubmed/33348554
http://doi.org/10.1016/j.plipres.2020.101053
http://www.ncbi.nlm.nih.gov/pubmed/32735891


Molecules 2022, 27, 2396 11 of 12

22. Riecan, M.; Paluchova, V.; Lopes, M.; Brejchova, K.; Kuda, O. Branched and Linear Fatty Acid Esters of Hydroxy Fatty Acids
(FAHFA) Relevant to Human Health. Pharmacol. Ther. 2021, 231, 107972. [CrossRef] [PubMed]

23. Kokotou, M.G.; Kokotos, A.C.; Gkikas, D.; Mountanea, O.G.; Mantzourani, C.; Almutairi, A.; Lei, X.; Ramanadham, S.; Politis,
P.K.; Kokotos, G. Saturated Hydroxy Fatty Acids Exhibit a Cell Growth Inhibitory Activity and Suppress the Cytokine-Induced
β-Cell Apoptosis. J. Med. Chem. 2020, 63, 12666–12681. [CrossRef] [PubMed]

24. Calonghi, N.; Cappadone, C.; Pagnotta, E.; Farruggia, G.; Buontempo, F.; Boga, C.; Brusa, G.L.; Santucci, M.A.; Masotti, L.
9-Hydroxystearic acid upregulates p21WAF1 in HT29 cancer cells. Biochem. Biophys. Res. Commun. 2004, 314, 138–142. [CrossRef]
[PubMed]

25. Calonghi, N.; Cappadone, C.; Pagnotta, E.; Boga, C.; Bertucci, C.; Fiori, J.; Tasco, G.; Casadio, R.; Masotti, L. Histone deacetylase
1: A target of 9-hydroxystearic acid in the inhibition of cell growth in human colon cancer. J. Lipid Res. 2005, 46, 1596–1603.
[CrossRef] [PubMed]

26. Calonghi, N.; Pagnotta, E.; Parolin, C.; Tognoli, C.; Boga, C.; Masotti, L. 9-Hydroxystearic acid interferes with EGF signalling in a
human colon adenocarcinoma. Biochem. Biophys. Res. Commun. 2006, 342, 585–588. [CrossRef] [PubMed]

27. Pagnotta, E.; Calonghi, N.; Boga, C.; Masotti, L. N-methylformamide and 9-hydroxystearic acid: Two anti-proliferative and
differentiating agents with different modes of action in colon cancer cells. Anti-Cancer Drugs 2006, 17, 521–526. [CrossRef]

28. Calonghi, N.; Pagnotta, E.; Parolin, C.; Molinari, C.; Boga, C.; Dal Piaz, F.; Brusa, G.L.; Santucci, M.A.; Masotti, L. Modulation
of apoptotic signalling by 9-hydroxystearic acid in osteosarcoma cells. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 2007, 1771,
139–146. [CrossRef]

29. Parolin, C.; Calonghi, N.; Presta, E.; Boga, C.; Caruana, P.; Naldi, M.; Andrisano, V.; Masotti, L.; Sartor, G. Mechanism and
stereoselectivity of HDAC I inhibition by (R)-9-hydroxystearic acid in colon cancer. Biochim. Biophys. Acta 2012, 1821, 1334–1340.
[CrossRef]

30. Albadri, S.; Naso, F.; Marion, T.; Gauron, C.; Parolin, C.; Vougny, J.; Duroure, K.; Fiori, J.; Boga, C.; Vriz, S.; et al. Redox signaling
via lipid peroxidation regulates retinal progenitor cell differentiation. Developmental Cell 2019, 50, 73–89.e6. [CrossRef] [PubMed]

31. Busi, A.; Aluigi, A.; Guerrini, A.; Boga, C.; Sartor, G.; Calonghi, N.; Sotgiu, G.; Posati, T.; Corticelli, F.; Fiori, J.; et al. Unprecedented
behavior of (9R)-9-hydroxystearic acid loaded keratin nanoparticles on cancer cell cycle. Mol. Pharm. 2019, 16, 931–942. [CrossRef]
[PubMed]

32. Micheletti, G.; Boga, C.; Telese, D.; Cassani, M.C.; Boanini, E.; Nitti, P.; Ballarin, B.; Ghirri, A.; Barucca, G.; Rinaldi, D. Magnetic
Nanoparticles Coated with (R)-9-Acetoxystearic Acid for Biomedical Applications. ACS Omega 2020, 5, 12707–12715. [CrossRef]
[PubMed]

33. Boanini, E.; Torricelli, P.; Boga, C.; Micheletti, G.; Cassani, M.C.; Fini, M.; Bigi, A. (9R)-9-Hydroxystearate-Functionalized
Hydroxyapatite as Anti-Proliferative and Cytotoxic Agent towards Osteosarcoma Cells. Langmuir 2016, 32, 188–194. [CrossRef]
[PubMed]

34. Boanini, E.; Cassani, M.C.; Rubini, K.; Boga, C.; Bigi, A. (9R)-9-Hydroxystearate-Functionalized Anticancer Ceramics Promote
Loading of Silver Nanoparticles. Nanomaterials 2018, 8, 390. [CrossRef]

35. Asaro, F.; Boga, C.; De Zorzi, R.; Geremia, S.; Gigli, L.; Nitti, P.; Semeraro, S. (R)-10-Hydroxystearic Acid: Crystals vs. Organogel.
Int. J. Mol. Sci. 2020, 21, 8124. [CrossRef]

36. Cristofolini, L.; Fontana, M.P.; Boga, C.; Konovalov, O. Microscopic Structure of Cristalline Langmuir Monolayers of Hydrox-
ystearic Acids by X-ray Reflectivity and GID: OH Group Position and Dimensionality Effect. Langmuir 2005, 21, 11213–11219.
[CrossRef]

37. Asaro, F.; Boga, C.; Demitri, N.; De Zorzi, R.; Drioli, S.; Gigli, L.; Micheletti, G.; Nitti, P.; Zangrando, E. X-Ray Crystal Structures
and Organogelator Properties of (R)-9-Hydroxystearic Acid. Molecules 2019, 24, 2854. [CrossRef]

38. Ebert, C.; Felluga, F.; Forzato, C.; Foscato, M.; Gardossi, L.; Nitti, P.; Pitacco, G.; Boga, C.; Caruana, P.; Micheletti, G.; et al.
Enzymatic kinetic resolution of hydroxystearic acids: A combined experimental and molecular modelling investigation. J. Molec.
Catal. B Enzym. 2012, 83, 38–45. [CrossRef]

39. Boga, C.; Drioli, S.; Forzato, C.; Micheletti, G.; Nitti, P.; Prati, F. An Easy Route to Enantiomerically Enriched 7- and
8-Hydroxystearic Acids by Olefin-Metathesis-Based Approach. Synlett 2016, 27, 1354–1358. [CrossRef]

40. Calonghi, N.; Boga, C.; Telese, D.; Bordoni, S.; Sartor, G.; Torsello, C.; Micheletti, G. Synthesis of 9-Hydroxystearic Acid Derivatives
and Their Antiproliferative Activity on HT 29 Cancer Cells. Molecules 2019, 24, 3714. [CrossRef] [PubMed]

41. Bertucci, C.; Hudaib, M.; Boga, C.; Calonghi, N.; Cappadone, C.; Masotti, L. Gas chromatography/mass spectrometric assay of
endogenous cellular lipid peroxidation products: Quantitative analysis of 9- and 10-hydroxystearic acids. Rapid Commun. Mass
Spectr. 2002, 16, 859–864. [CrossRef] [PubMed]

42. Kasprowicz, R.; Suman, R.; O’Toole, P. Characterising live cell behaviour: Traditional label-free and quantitative phase imaging
approaches. Int. J. Biochem. Cell Biol. 2017, 84, 89–95. [CrossRef]

43. Marrison, J.; Räty, L.; Marriott, P.; O’Toole, P. Ptychography—A label free, high-contrast imaging technique for live cells using
quantitative phase information. Sci. Rep. 2013, 3, 2369. [CrossRef]

44. Nelson, A.T.; Kolar, M.J.; Chu, Q.; Syed, I.; Kahn, B.B.; Saghatelian, A.; Siegel, D. Stereochemistry of Endogenous Palmitic Acid
Ester of 9-Hydroxystearic Acid and Relevance of Absolute Configuration to Regulation. J. Am. Chem. Soc. 2017, 139, 4943–4947.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.pharmthera.2021.107972
http://www.ncbi.nlm.nih.gov/pubmed/34453998
http://doi.org/10.1021/acs.jmedchem.0c00844
http://www.ncbi.nlm.nih.gov/pubmed/33124824
http://doi.org/10.1016/j.bbrc.2003.12.066
http://www.ncbi.nlm.nih.gov/pubmed/14715257
http://doi.org/10.1194/jlr.M400424-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/15716589
http://doi.org/10.1016/j.bbrc.2006.02.008
http://www.ncbi.nlm.nih.gov/pubmed/16487928
http://doi.org/10.1097/00001813-200606000-00005
http://doi.org/10.1016/j.bbalip.2006.11.012
http://doi.org/10.1016/j.bbalip.2012.07.007
http://doi.org/10.1016/j.devcel.2019.05.011
http://www.ncbi.nlm.nih.gov/pubmed/31178398
http://doi.org/10.1021/acs.molpharmaceut.8b00827
http://www.ncbi.nlm.nih.gov/pubmed/30702899
http://doi.org/10.1021/acsomega.0c00163
http://www.ncbi.nlm.nih.gov/pubmed/32548454
http://doi.org/10.1021/acs.langmuir.5b03754
http://www.ncbi.nlm.nih.gov/pubmed/26646551
http://doi.org/10.3390/nano8060390
http://doi.org/10.3390/ijms21218124
http://doi.org/10.1021/la0514213
http://doi.org/10.3390/molecules24152854
http://doi.org/10.1016/j.molcatb.2012.06.017
http://doi.org/10.1055/s-0035-1561570
http://doi.org/10.3390/molecules24203714
http://www.ncbi.nlm.nih.gov/pubmed/31619025
http://doi.org/10.1002/rcm.656
http://www.ncbi.nlm.nih.gov/pubmed/11948817
http://doi.org/10.1016/j.biocel.2017.01.004
http://doi.org/10.1038/srep02369
http://doi.org/10.1021/jacs.7b01269
http://www.ncbi.nlm.nih.gov/pubmed/28350171


Molecules 2022, 27, 2396 12 of 12

45. Asaro, F.; Drioli, S.; Forzato, C.; Nitti, P. An Efficient Synthesis of Chiral Non-Racemic Hydroxyalkanoic Acids by Olefin
Cross-Metathesis Reactions. ChemistrySelect 2018, 3, 13372–13376. [CrossRef]

46. Satyanarayana, S.; Reddy, B.V.S.; Narender, R. A Concise Total Synthesis of Lyngbic Acid, Hermitamides A and B. Tetrahedron Lett.
2014, 55, 6027–6029. [CrossRef]

47. Rybak, A.; Meier, M.A.R. Cross-Metathesis of Fatty Acid Derivatives with Methyl Acrylate: Renewable Raw Materials for the
Chemical Industry. Green Chem. 2007, 9, 1356–1361. [CrossRef]

48. Zha, S.; Kuwano, K.; Shibahara, T.; Ishibashi, F. Algicidal Hydroxylated C18 Unsaturated Fatty Acids from the Red Alga
Tricleocarpa Jejuensis: Identification, Synthesis and Biological Activity. Fitoterapia 2020, 145, 104639. [CrossRef]

49. Hsieh, C.-T.; Ötvös, S.B.; Wu, Y.-C.; Mándity, I.M.; Chang, F.-R.; Fülöp, F. Highly Selective Continuous-Flow Synthesis of
Potentially Bioactive Deuterated Chalcone Derivatives. ChemPlusChem 2015, 80, 859–864. [CrossRef]
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