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Anti‑proliferative potential 
and oxidative reactivity 
of thermo‑oxidative degradation 
products of stigmasterol 
and stigmasteryl esters for human 
intestinal cells
Maria Kasprzak 1, Magdalena Rudzińska 2, Wojciech Juzwa 1 & Anna Olejnik 1*

Stigmasterol in free and esterified form is incorporated in LDL cholesterol‑lowering food products, 
intended for direct consumption and cooking, baking, and frying. Under thermal treatment, 
stigmasterol compounds may constitute a source of thermo‑oxidative degradation products 
and oxyderivatives with potentially adverse health effects. This study aimed to analyze the anti‑
proliferative potential and genotoxicity of thermo‑oxidatively treated stigmasterol (ST), stigmasteryl 
linoleate (ST‑LA), and oleate (ST‑OA). The effects on cell viability and proliferation, cell cycle 
progression, intracellular reactive oxygen species (ROS) generation, and DNA damage were analyzed 
in normal human intestinal cells. The mutagenic potential was assessed in a bacterial reverse 
mutation test using Salmonella enterica serovar Typhimurium strains involving metabolic activation. 
Stigmasteryl esters showed a significantly lower potential to affect intestinal cell viability and 
proliferation than non‑esterified ST, regardless of heating. Thermo‑oxidatively treated ST suppressed 
intestinal cell proliferation by arresting the cell cycle in the  G2/M phase and DNA synthesis inhibition. 
The enhanced intracellular ROS generation and caspase 3/7 activity suggest targeting intestinal cells 
to the apoptosis pathway. Also, heated ST‑LA intensified ROS production and elicited pro‑apoptotic 
effects. Thermo‑oxidative derivatives of ST and ST‑LA may evoke harmful gastrointestinal effects due 
to their high oxidative reactivity towards intestinal cells.

Phytosterols are found in various natural sources, including vegetable oils, nuts, grains, vegetables, and  fruits1. 
They are also widely incorporated into multiple groups of foodstuffs as biologically active ingredients with a well-
documented potential for lowering high serum LDL cholesterol levels. Thus, in recent years, dietary exposure to 
phytosterols has been significantly increased to a relatively high intake, reaching about 3 g/day2.

Generally, phytosterols and their esters are considered safe for  humans2,3; however, possible adverse effects 
related to phytosterol intake have been reported in several in vitro and in vivo  studies1,4. Harmful health effects 
of phytosterols may be associated with their autoxidation occurring inside and outside the human body and 
leading to the formation of phytosterol oxidation products (POPs), named  oxyphytosterols5,6. The most com-
mon autoxidative degradation pathway occurs via free radical mechanisms mediated by reactive oxygen species 
(ROS)7. The oxidation process undergoes more rapidly during food storage and thermal treatment, and the 
generation of phytosterol oxyderivatives is significantly  enhanced8,9.

POPs, likewise, cholesterol oxidation products (COPs), are commonly identified in human plasma and 
 tissues10–12, raising concerns about their safety and possible adverse health effects, including cytotoxicity and 
pro-atherogenicity. Luister et al.12 observed that patients with coronary artery disease with severe aortic steno-
sis are characterized by increased concentration of plant sterols in plasma and their deposition in aortic valve 
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tissue. Similarly, the elevated plasma POPs concentrations were found in impaired glucose tolerance or type 
2 diabetes patients, which may suggest a link between POPs and health  status13. Furthermore, animal studies 
showed that a high-fat diet enriched with POPs increased the severity of atherosclerotic  lesions14. Some evi-
dence also documented that POPs can affect endothelial cells. For example, oxysitosterols have been found to 
increase the ROS level in rat aortic endothelial cells, enhance cyclooxygenase 2 (Cox-2) expression, and attenuate 
vasorelaxation in intact  endothelium15. Another research reported that β-sitosterol epoxy-derivatives inhibited 
human abdominal aorta endothelial cell growth, but their inhibitory potential was significantly lower than 
mater compound. Similarly, the POP fraction derived from heated rapeseed oil slightly decreased endothelial 
cell viability. In contrast to β-sitosterol, its epoxy-derivatives did not induce apoptosis in human endothelial 
 cells16. Several potential mechanisms have been proposed through which POPs may promote the development 
of atherosclerosis, including modulation of lipid homeostasis, cell death triggering, and activation of the oxida-
tion process and inflammation. POPs are suspected of pro-inflammatory activity; however, few scientific reports 
with significantly differing results do not provide convincing evidence. 7-keto-stigmasterol was found to elicit an 
inflammatory response in colon cancer Caco-2 cells; it increased pro-inflammatory cytokines TNF-α and IL-8 
and anti-inflammatory cytokine IL-1017. In contrast, 7β-hydroxysitosterol and 7-ketositosterol did not induce 
an immune response in human monocytic U937  cells18.

The adverse properties of POPs may also result from their cytotoxicity, which depends on phytosterol, the 
oxidation process, and the cell type and  origin19. Ryan et al.20 reported cytotoxicity of oxysitosterol mixture to 
the U937 monocytes, colon cancer Caco-2 cells, and hepatoma HepG2 cells, with apoptosis induction only in 
the U937  cells20. Individual oxystigmasterols (7β-OH, epoxydiol, diepoxide) also induced apoptosis in U937 cells 
with down-regulation of the anti-apoptotic pro-survival Bcl-2  protein21. 7-Ketophytosterol oxides, including 
7-ketositosterol, 7-ketocampesterol, 7-ketobrassicasterol, and 7-ketostigmasterol suppressed human intestinal 
carcinoma cell proliferation. 7-ketositosterol and 7-ketocampesterol were characterized by the highest inhibitory 
potential related to cell cycle arrest and apoptosis induction with increasing caspase-3 activity and down-regulat-
ing Bcl-2. 7-ketobrassicasterol also displayed pro-apoptotic activity contrary to 7-ketostigmasterol22. Similarly, 
7-ketostigmasterol did not induce apoptosis in colon cancer Caco-2 cells, and even it reduced 7-ketocholesterol 
cytotoxic  effects23. Knowledge about the cytotoxicity and atherogenicity of POPs and their potential inflamma-
tory effects in humans are still insufficient and contradictory in some cases. Many reports postulate the need for 
further in vitro and in vivo studies to prove phytosterol safety and determine recommendations for the storage 
and heat treatment of functional foods enriched with  phytosterols4,19.

Stigmasterol (ST), one of the most abundant sterols in plants, besides β-sitosterol and campesterol, highly 
contributes to the human diet. This phytosterol is gaining increasing interest from functional foods manu-
facturers and consumers for its health-promoting properties, including antihypercholesterolemic, anticancer, 
anti-osteoarthritis, anti-inflammatory, antidiabetic, immunomodulatory, antiparasitic, antifungal, antibacterial, 
antiviral, antioxidant, and neuroprotective properties, which are discussed in a recent review article by Bakrim 
et al.24. However, low solubility in oil and high melting point limit ST bioavailability and practical use in the food 
industry. Functional and applicable properties of ST can be significantly improved by chemical or/and physical 
modifications, including mainly the esterification with medium or long-chain fatty acids and microencapsulation. 
The esterification with oleic, linoleic, linolenic, and acetic acids is considered an efficient strategy for increasing 
the total content of phytosterol in foods and its solubility in  oil4.

Previously reported studies showed that during thermo-oxidative treatment of ST and its esters with oleic 
acid (ST-OA) and linoleic acid (ST-LA), a diverse group of derivatives is formed, and their contribution sig-
nificantly depends on the temperature and exposure time. Free ST was found to degrade faster than its esters 
generating higher amounts of degradation products, including ST oxides (7α-hydroxy-ST, 7β-hydroxy-ST, 5α,6α-
epoxy-ST, 5β,6β-epoxy-ST, stigmasten-3β,5α,6β-triol, and 7keto-ST), non-polar and polar dimers, trimers, and 
other  oligomers25. Moreover, thermo-oxidative derivatives formation is also affected by the chemical structure 
of lipids incorporated into  molecules26. The protective effect of the fatty acid moiety was also documented; 
therefore, stigmasteryl esters incorporation into sterol-enriched products to maintain their health-promoting 
properties and ensure their safety during cooking and processing was  postulated6,25,27. Preliminary cytotoxic-
ity experiments suggested the higher cytotoxic potential of free ST than its esters to the normal human cells 
derived from the small intestine, colon mucosa, and  liver6,25. However, more extensive research is required on 
the cytotoxicity and health safety of ST and its esters, especially their degradation products and oxyderivatives 
resulting from thermo-oxidative treatment.

This study aimed to assess the cytotoxic, genotoxic, and mutagenic potential of free ST and linoleic and oleic 
stigmasteryl esters (Fig. 1) subjected to thermal treatment at 180 °C for 8 h in an oxygen atmosphere. The effects 
on cell viability, proliferation, DNA synthesis, cell cycle progression, and DNA damage were analyzed in normal 
human colon mucosa cells. Considering that most phytosterols (> 95%) are not absorbed in the gastrointestinal 
tract and enter the colon  intact3,28, the employment of colonic epithelial cells in ST cytotoxicity and genotoxicity 
experiments is highly justified. Combining data from this study with previously published results of identifi-
cation analysis of thermo-oxidative  derivatives25 will provide a more comprehensive overview of how ST and 
stigmasteryl esters subjected to thermal treatment can affect human gastrointestinal cells.

Results
Cytotoxicity of stigmasterol and its esters to normal colon mucosa cells. The cytotoxic effects of 
ST and its esters (ST-LA and ST-OA) (Fig. 1) non-heated and heated at 180 °C for 8 h on human normal colon 
mucosa CCD 841 CoN cells were determined after a 48-h treatment using the MultiTox-Fluor Multiplex Cyto-
toxicity Assay. As shown in Fig. 2a, ST induced a dose-dependent decrease in cell viability, which correlated with 
an increase in the number of dead cells. The non-heated ST at the maximum dose tested (40 μg/mL) reduced the 
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number of viable cells by approximately 80%. The first cytotoxic effects were observed in the colon cells treated 
with a low ST concentration of 1 μg/mL. Following the heating process, ST evoked significantly less effect on 
cell proliferation and viability. The first signs of ST cytotoxicity were observed at doses higher than 5 μg/mL. 
Although, the heated ST at a concentration of 40 μg/mL induced pronounced cytotoxic effects leading to an 
increase in the dead cell number by 74% (Fig. 2d).

Unlike ST, its non-heated ST-OA and ST-LA esters at doses up to 40 μg/mL did not affect colon cell viability 
(Fig. 2b,c). Upon the treatment with heated ST-LA at doses of 20 and 40 μg/mL, a reduction in cell viability 
correlated to an increase in the number of dead cells was observed. In the exposed cell cultures, ST-LA reduced 
relative cell viability by 10% and 22%, respectively (Fig. 2e). In contrast, the thermal process did not significantly 
increase ST-OA cytotoxicity (Fig. 2f).

The effect of stigmasterol and its esters on DNA synthesis in normal colon mucosa cells. The 
treatment of the CCD841 CoN cells with ST affected DNA synthesis substantially. The amount of BrdU incorpo-
rated into newly synthesized DNA decreased dose-dependently in the cells treated with non-heated ST (Fig. 3a). 
ST at 5 μg/mL concentration was the first dose that significantly inhibited DNA synthesis (↓10%, P = 0.028). ST 
at the maximum concentration tested (40 μg/mL) decreased DNA synthesis by 61% (Fig. 3a). ST thermal treat-
ment lowered ST inhibitory potential. The heated ST disturbed DNA synthesis when the highest concentrations 
of 20 μg/mL and 40 μg/mL were applied, reducing BrdU incorporation in newly synthesized DNA by 31% and 
39% at these doses (Fig. 3c). DNA synthesis inhibition was not observed after treating normal colon mucosa cells 
with esters ST-LA and ST-OA, regardless of their thermal processing (Fig. 3b,d).

Effect of stigmasterol and its esters on cell cycle progression and apoptosis. To investigate how 
ST, ST-LA, ST-OA, and their thermal degradation products can influence the growth of human normal colon 
mucosa CCD841 CoN cells, the cell cycle was analyzed by flow cytometry. Cell distribution in different cell cycle 
phases is presented in Fig. 4a. The results indicate that the compounds at the maximum dose analyzed (40 μg/
mL) interfered with the progression of the normal cell cycle of CCD841 CoN cells. The non-heated and heated 
ST induced significant cell accumulation in the  G2/M phases. Moreover, ST subjected to the thermal process 
caused an increase in the subpopulation of dead cells with lower DNA content and decreased the  G0/G1 phase 
cell population. Slight expanding the cell subpopulation with reduced DNA content was also observed in the 
cultures treated with stigmasteryl esters (ST-LA and ST-OA) at the maximum dose of 40 μg/mL, indicating their 
cell death-inducing effect, regardless of heating (Fig. 4a).

Figure 1.  Structure of stigmasterol (ST) and its esters with oleic (ST-OA) and linoleic (ST-LA) acid.
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Moreover, treatment with test compounds induced caspase-3/7 activation in colon mucosa cells. The highest 
activation of caspase-3/7 was observed in cells exposed to ST (8.7-fold) and ST-LA (7.3-fold) after heat treat-
ment (Fig. 4b). Also, exposure of cells to heated ST and ST-LA enhanced intracellular ROS production, which 
increased by 21% and 34%, respectively (Fig. 4c).

Effect of stigmasterol and its esters on DNA damage in normal colon mucosa cells. Data 
obtained from comet assay indicates that ST and its esters at the highest concentration (40  μg/mL) did not 
induce extensive DNA strand breaks in the colon mucosa cells. Slight DNA damage was shown by classifying 
comets according to the range of % DNA in the tail (Fig. 5a). Only two comet classes: no damage and low dam-
age (class 0 and 1), were identified in the control cell population. Cell treatment with non-heated or heated ST 
resulted in the appearance of comets category 2 characterized by medium DNA damage with DNA content in 
the tails ranging from 25 to 45%. The comets category 2 constituted 3.5% and 3.8% of the populations treated 
with non-heated or heated ST, respectively. Also, ST-LA and ST-OA caused medium DNA damage, mainly when 
thermally processed esters were applied. Cell populations with medium DNA damage were estimated at 8.5% 
and 5.9%, respectively, following treatment with ST-LA and ST-OA (Fig. 5a). Moreover, colon mucosa cells with 
high DNA damage (DNA content of 45–70% in comet tails) accounted for 1–2% of the cell population exposed 
to ST esters, regardless of their heat treatment. Although few comets with high damage DNA content were 
observed, the total comet score (TCS) showed no significant differences in the comet class distribution after 
cell exposition to both non-heated and heated ST, ST-LA, and ST-OA. Very high DNA damage (> 70% DNA in 
comet tail) was identified only in cells exposed to 100 μM  H2O2 used as reference oxidant (Fig. 5b), which was 
reflected in high TCS value (263.1 ± 29.4) (Fig. 5b).

Mutagenic activity of stigmasterol and its esters. The strain S. typhimurium  His- TA102, which is 
sensitive to a variety of oxidative  mutagens29,30, was applied to detect mutagenic activity associated with the oxi-
dative potential of ST, its esters (ST-LA and ST-OA), and their thermal degradation products. Tert-butyl-H2O2 
used as a referent oxidant caused a significant response in the TA102 strain as indicated by the mutagenic activ-
ity calculated at 7.9 and 2.5, without and with the metabolic activation, respectively (Table 1). The compounds 
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Figure 2.  Effect of stigmasterol (ST) (a,d), stigmasteryl linoleate (ST-LA) (b,e), and stigmasteryl oleate (ST-OA) 
(c,f) non-heated (a–c) and heated at 180 °C for 8 h (d–f) on the colon CCD 841 CoN cell viability after 48-h 
treatment with the analyzed compounds at concentrations ranging from 1.25 to 40 μg/mL. Cell viability (live 
cell fluorescence) and cytotoxicity (dead cell fluorescence) were determined using MultiTox-Fluor Multiplex 
Cytotoxicity Assay. The values represent the means (n = 3) ± SD. aP < 0.05, bP < 0.01, cP < 0.001, dP < 0.0001 relative 
to vehicle-treated control cells (Tukey’s post hoc test).
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tested (ST, ST-LA, ST-OA) not subjected to the heat treatment did not affect the number of TA102 revertants 
independently on the microsomal fraction (Fig. 6a–c). After heating, ST and ST-LA could reverse mutation in 
the TA102 strain. They increased TA102 revertants by approximately 45% (Figs.  5b and 6a). The heated ST-OA 
did not induce mutation in the TA102 strain, regardless of metabolic activation (+/− S9) (Fig. 6c). However, 
the low mutagenic index calculated at 1.44, 1.45, and 1.30 for the ST, ST-LA, and ST-OA, respectively, does not 
provide strong evidence for their mutagenicity.

A positive mutagenic response was observed in the S. typhimurium TA100 strain following exposure to the 
non-heated and heated ST without metabolic activation (Fig. 6d). The mutagenic index values were determined 
at 1.9 and 2.2 levels, respectively. ST also affected the frequency of mutations in the TA98 strain with microsomal 
fraction supplementation (Fig. 6g). The number of revertant colonies increased 1.6-fold and 2.5-fold in the TA98 
strain treated with non-heated and heated ST, respectively. In contrast, ST esters (ST-LA and ST-OA), regardless 
of heating treatment, did not induce the reversion of mutations in TA100 and TA98 tester strains in the presence 
and absence of the microsomal fraction (Fig. 6e,f,h,i).

Discussion
Functional food enriched in ST and its esters is intended for direct consumption and recommended for cooking, 
baking, and frying. After thermal treatment, it may constitute a source of thermo-oxidative degradation products, 
including ST oxidation derivatives and low-molecular-weight compounds, such as volatiles and  oligomers6, with 
not well-documented bioavailability, safety, and biological potential to human cells and  tissues19. Previously 
reported research showed that thermo-oxidative treatment of ST and its esters (ST-LA and ST-OA) at 180 °C 
for 8 h causes extensive sterol and fatty acid moiety degradation. Heating produced significant amounts of the 
ST oxidation products (SOPs) and degradation derivatives, including ST oxides, polar dimers, trimers, other 
oligomers, and non-polar dimers. ST, ST-OA, and ST-LA degradation products’ and SOPs’ profiles are shown 
in the article published  previously25.

This study assessed cytotoxicity, genotoxicity, and mutagenicity of thermo-oxidatively treated ST, ST-OA, and 
ST-LA using biological in vitro models. Cytotoxicity analyses: MTT  test25 and MultiTox-Fluor Multiplex Cyto-
toxicity Assay indicated the relatively high cytotoxic potential of non-esterified ST. The half-maximal effective 
concentration  (EC50) of free ST, which caused a 50% decrease in colon mucosa CCD 841 CoN cell viability, was 
calculated at 2.95 μg/mL25. MultiTox-Fluor Multiplex Cytotoxicity Assay showed that free ST induces a dose-
dependent decrease in colon cell viability correlated with an increase in dead cell number. The first cytotoxic 
effects in the colon cell cultures, reflected in a 10% decrease in the viable cell number, were observed after the 
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Figure 3.  Dose-dependent inhibition of DNA synthesis in the colon mucosa CCD 841 CoN cells by 
stigmasterol (ST) (a) and stigmasteryl esters (ST-LA, ST-OA) (b) non-heated (a,b) and heated at 180 °C for 
8 h (c,d). Values represent the means ± SD (n = 3). aP < 0.05, bP < 0.01, cP < 0.001, dP < 0.0001 relative to vehicle-
treated control cells (Tukey’s post hoc test).
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treatment with ST in a concentration as low as 1 μg/mL. It has also been shown that free ST at higher doses of 
5–40 μg/mL significantly inhibits DNA synthesis in the colon mucosa cells, exerting potent antiproliferative 
effects. In the literature, ST inhibitory effects were also reported in other human normal cells, including small 
intestine FHs 74 Int and liver epithelial THLE-2  cells25, and human umbilical vein endothelial cells (HUVECs) 
and iPSC-derived  cardiomyocytes31. ST was found to affect the viability of cardiovascular-relevant cell models 
highly. Besides, the harmful cardiac phenotype was observed in stigmasterolemic mice, indicating that ST is a 
potentially toxic  compound31.

The experiments performed within this work indicate that ST, independently of thermal treatment, suppressed 
the proliferation of colon mucosa cells by inhibiting DNA synthesis, arresting the cell cycle in the  G2/M phases, 
and targeting cells to the apoptosis pathway. ST anti-proliferative effects were analyzed previously in cancer cell 
research, which showed that ST can interact with various cellular targets and pathways. For instance, ST has been 
found to suppress gastric cancer cell proliferation via  G2/M phase cell cycle arrest and apoptosis  induction32, 
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Figure 4.  Cell distribution in different cell cycle phases (a), caspase 3/7/ activity (b), and intracellular reactive 
oxygen species (ROS) generation (c) in the colon mucosa CCD 841 CoN cells treated with non-heated and 
heated (180 °C, 8 h) stigmasterol (ST), stigmasteryl linoleate (ST-LA) and stigmasteryl oleate (ST-OA) at 
a concentration of 40 μg/mL. Camptothecin (CMPT, 50 nM) and  H2O2 (OXIDANT, 50 μM) were positive 
controls. Values represent the means ± SD (n = 3). aP < 0.05, bP < 0.01, cP < 0.001, dP < 0.0001 relative to vehicle-
treated control cells (Student’s t-test).
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Figure 5.  DNA strand breaks in the colon mucosa CCD 841 CoN cells induced by stigmasterol (ST) and its 
esters (stigmasteryl linoleate, ST-LA, and stigmasteryl oleate, ST-OA) non-heated and heated at 180 °C for 8 h. 
All compounds were applied at a dose of 40 μg/mL. An oxidant  (H2O2, 100 μM) was used as a positive control 
in the experiments. Based on the DNA content in the tails, comets were classified into 5 categories: class 0 
(no damage), < 1%; class 1 (low damage), 1–25%; class 2 (medium damage), > 25–45%; class 3 (high damage), 
> 45–70%; class 4 (very high damage), > 70%. Comet class distribution is presented in figure (a). Total comet 
score (TCS), calculated as TCS = 0(n) + 1(n) + 2(n) + 3(n) + 4(n), where “n” means the number of cells in each 
comet class, is shown in figure (b). Values represent the means ± SD (n = 3). aP < 0.05, bP < 0.01, cP < 0.001, 
dP < 0.0001 relative to vehicle-treated control cells (Student’s t-test). Photos present CCD 841 CoN cells treated 
with non-heated and heated ST, ST-LA, and ST-OA at 40 μg/mL concentration and analyzed in the comet assay. 
Photos were taken at a magnification of 100 ×.
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consistent with findings on inhibitory effects evoked by ST in normal colon mucosa cells. Thermo-oxidative 
treatment significantly reduced cytotoxic potential of ST, as observed in the lower potency of heated ST to affect 
colon cell viability, DNA synthesis, and proliferation. Likewise, the lowered cytotoxicity of the thermally treated 
ST was noted in previous studies in normal human intestinal and liver  cells25. The lowering of ST cytotoxicity 
due to the heating process may be related to the significant degradation of ST molecule, estimated at approxi-
mately 80%25. However, on the other hand, the thermo-oxidative treatment led to enhanced formation of SOPs, 
such as 7keto-ST, 7βOH-ST, 7αOH-ST, 25OH-ST, and triol-ST25, that show relatively high cytotoxic  potential21. 
Among SOPs, 7β-OH-ST, epoxydiol, diepoxide, and triol-ST were identified as the most cytotoxic to the human 
monocytic U937  cells21. The increased SOPs content in ST subjected to the thermo-oxidation process affected 
the enhanced oxidative reactivity and ST capacity to elevate the intracellular ROS level in treated colon mucosa 
CCD 841 CoN cells. Excessive ROS accumulation may drive cells into the apoptosis pathway. ROS at low and 
moderate doses regulate normal physiological functions involved in cell cycle progression and proliferation, 
cell differentiation, migration, and cell death. While excessive ROS accumulation causes oxidative damage to 
cellular macromolecules (proteins, lipids, DNA), membranes, and organelles, which may induce apoptotic cell 
 death33. The effect of SOPs on intracellular ROS production and ROS-activated apoptosis in normal human cells 
has not been evidenced previously. However, several studies have suggested a crucial role of oxidative stress in 
apoptosis induced by  COPs34,35. In addition, some reports indicated that the cytotoxicity of COPs and POPs 
is related to superoxide anion generation and lipid  peroxidation36, the excessive accumulation of which may 
promote  apoptosis37.

Apoptosis promotion in the colon mucosa CCD 841 CoN cells treated with ST was manifested by signifi-
cantly increased caspase 3/7 activity, one of the critical effector caspases involved in the final execution of dying 
cells. Boosted caspase 3/7 activity was detected in the cells exposed to heated and non-heated ST, although 
the non-heated ST did not induce enhanced intracellular ROS production. The ST auto-oxidation process and 
the formation of oxyderivatives, including 7keto-ST and 7βOH-ST25, can explain this phenomenon. The SOPs 
level in unheated ST samples could be too low to enhance ROS generation but high enough to mediate signal 
transduction pathways. Furthermore, it was found that both non-heated and heated ST caused a slight increase 
in the cell population with medium DNA damage, which may suggest its potential genotoxicity independent of 
the thermo-oxidative transformations.

The slight genotoxic effect detected in ST-treated colon mucosa cells was the reason for analyzing the ST 
mutagenic and pro-mutagenic potential using three mutated Salmonella typhimurium TA100, TA102, and TA98 
strains. The Salmonella tester strains harbor different mutations: hisD3052 (TA98 strain), hisG46 (TA100 strain), 
and hisG428 (TA102 strain) in the genes of the histidine operon. Cells of the tested strains have also modifica-
tions enhancing their sensitivity to mutagenic  conditions30. The experiments determined the pro-mutagenic 
activity of tested compounds through their metabolic activation in the presence of Aroclor 1254-induced rat 
liver microsomal fraction. Non-heated ST showed the ability to reverse mutations in the strain TA100 and strain 
TA98 only under metabolic activation. However, the mutagenic indexes not exceeding 2.0 in values, as required 
for mutagenic compounds, did not indicate ST mutagenic potential. For comparison, the mutagenic index of 
2-aminofluorene and sodium azide, applied as reference mutagens for TA98 and TA100 strains, was determined 
at 9.8 and 13.6, respectively. Therefore, the non-heated ST was not considered mutagenic. More significant effects 
were detected in the Salmonella strains induced by ST subjected to thermo-oxidative treatment. Interestingly, 
the heated ST increased the number of revertants in the TA102 strain sensitive to various oxidative  mutagens30, 
indicating the pro-oxidative capacity of ST derivatives produced during the thermo-oxidative process. SOPs 
generated when ST was heated at 180 °C were likely responsible for the oxidative mutagenicity detected in the 
TA102 strain. In contrast, the mutation reversal was not observed in the TA102 strain treated by heated ST under 
conditions stimulating metabolic bioconversions. These findings indicate that natural metabolic and antioxidant 
systems may limit the mutagenic activity of oxidant SOPs during the thermal proceedings. Moreover, considering 
the low mutagenic index (< 2.0), the oxidative mutation risk is probably relatively low regardless of metabolic 
activation. However, a significant increase in the mutation frequency was observed in the TA98 strain treated with 
heated ST under metabolic activation. In this experiment, the mutagenic index was determined at 2.5, indicating 
the potential pro-mutagenicity of ST after thermal treatment and metabolic transformation.

Previous studies have shown that free ST is degraded rapidly, generating a diverse group of thermo-oxidative 
degradation products and  oxyderivatives21,25 which may exhibit significant oxidative reactivity and induce cyto-
toxic and genotoxic effects in normal human cells as demonstrated in the presented studies. It was found that 
ST esterification with oleic and linoleic acids limited ST degradation and the formation of oxidized sterols, 

Table 1.  Mutagenic index calculated for reference mutagens applied as positive controls to induce mutation in 
tester strains without or with metabolic activation (−/+ S9).

Reference mutagen Metabolic activation

Mutagenic index

TA98 TA100 TA102

2-Aminofluorene (100 μg) − 9.78 – –

Sodium azide (1 μg) − – 13.55 –

Tert-butyl-H2O2 (50 μM) − – – 7.91

2-Aminoanthracene (5 μg) + 6.00 2.03 2.95

Tert-butyl-H2O2 (50 μM) + – – 2.51
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degradation products, and  oligomers25,38, leading to a reduction in the risk of adverse toxic effects. Cytotoxicity 
experiments proved the lower cytotoxic potential of stigmasteryl esters (ST-OA and ST-LA) than free ST, regard-
less of whether they were subjected to thermo-oxidative treatment. Unlike ST, non-heated ST-OA and ST-LA at 
concentrations up to 40 μg/mL were not oxidatively reactive, and they did not affect the viability and proliferation 
of normal human colon cells. Similarly, no cytotoxic effects of ST-LA and ST-OA esters were observed in normal 
human small intestine FHs 74 Int cells and liver THLE-2  cells25. However, the small apoptotic cell populations 
with slightly increased caspase-3/7 activities were identified in the colon cell cultures treated with ST-LA and 
ST-OA at the maximum dose tested. Unfortunately, the thermo-oxidative process caused ST-LA and ST-OA 
degradation, including sterol moiety and fatty acid residue, and ST oxyderivatives production, thereby altering 
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Figure 6.  The mutagenic potential of stigmasterol (ST), stigmasteryl linoleate (ST-LA), and stigmasteryl 
oleate (ST-OA) non-heated and heated at 180 °C for 8 h, applied at a dose of 40 μg/mL in the treatment of 
three Salmonella typhimurium TA102 (a–c), TA100 (d–f) and TA98 (g–i) strains cultured without or with a 
microsomal fraction (− S9 or + S9) to induce metabolic activation. Values represent the means of the number of 
revertants (CFU/plate) ± SD (n = 3). aP < 0.05, bP < 0.01, cP < 0.001, dP < 0.0001 relative to vehicle-treated control 
group (Student’s t-test).
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their biological activity. But, it should be pointed out that the extent of ST-LA and ST-OA ester degradation and 
SOPs production was much lower than that documented for non-esterified ST. For instance, after heating, the 
total SOPs content in the ST-OA and ST-LA was 4.3- and 1.9- fold lower than in  ST25. After thermo-oxidative 
treatment, ST-LA cytotoxicity and oxidative reactivity were significantly increased accordingly to the thermo-
oxidative degradation extent and content of oxysterols, which elevated 8.4-fold under treatment. In contrast to 
ST-LA, the heating process did not enhance ST-OA cytotoxicity and oxidative reactivity. The heated ST-OA did 
not induce cytotoxic and genotoxic effects nor elevate the intracellular ROS level in normal human colon cells. 
Similarly, the different cytotoxic potency of thermally treated ST-LA and ST-OA was also observed in human 
acute lymphoblastic leukemia cell  cultures38. The higher ST-LA reactivity was probably due to the 2.3-fold 
higher content of  SOPs25. Elevated ROS levels in the colon mucosa cells after exposure to heated ST-LA suggest 
the SOPs’ involvement in cytotoxic and pro-oxidative effects. Intracellular ROS overproduction likely mediated 
the initiation of the apoptosis pathway with the increase in caspase 3/7 activity. However, no significant oxida-
tive DNA strand breaks were detected in the cells treated with heated ST-LA. Although, SOPs generated under 
ST-LA thermo-oxidative processing resulted in a 45% increase in the mutation frequency in the highly oxidant-
sensitive TA102 strain. Nevertheless, in the presence of the microsomal S9 fraction used for metabolic activation, 
mutations were not induced in the TA102 strain by thermo-oxidative ST-LA derivatives. A similar detoxifying 
effect of metabolic activation was also observed in the TA102 strain incubated with the heated non-esterified ST. 
Antioxidant enzymes such as catalase or superoxide dismutase, contained in S9 liver  fraction39, may mitigate ROS 
generated by oxyderivatives. In contrast to heated ST-LA, heated ST-OA did not increase mutation frequency in 
the TA102 strain independently on metabolic activation. A few studies on ST, its esters, and SOPs mutagenicity 
have been performed to date. Phytosterol preparations containing a well-defined ST contribution, but not indi-
vidual ST compounds, were  analyzed3. The Salmonella reverse mutation assay showed no mutagenicity of the 
mixture of phytosterol esters with stigmasteryl esters contribution at 18% in the strains TA98, TA100, TA1535, 
and TA1537 with and without metabolic  activation40. Also, the phytosterol oxide mixture formed by prolonged 
heating of phytosterol ester concentrate containing ST ester (19%) did not have the mutagenic potential in bacte-
rial strains TA98, TA100, TA1535, TA1537, and  TA10241. Most scientific reports indicate no severe side effects 
of phytosterols, including ST, on human health. However, according to scientists, toxicological studies should 
be continued to provide evidence of the safety and health-promoting effects of ST, functionally modified ST, 
ST-enriched functional foods, and derivatives generated during the storage and heating process.

Conclusions
This study showed the significant cytotoxic effects of free ST on normal human colon mucosa cells by suppressing 
cell proliferation, inhibiting DNA synthesis, arresting the cell cycle in the  G2/M phases, and targeting cells to the 
apoptosis pathway. The high ST oxidative reactivity was also manifested by intracellular ROS accumulation after 
intestinal cell treatment. The cytotoxicity-reducing effect was obtained by ST esterifying with oleic and linoleic 
acids. Upon ST esterification, ST-LA and ST-OA at doses up to 40 μg/mL did not induce cytotoxic effects or 
inhibit normal colon cell proliferation. The findings indicate the higher toxicological safety of ST incorporated 
into the ester molecule than free ST.

Previous studies have shown that the esterification of ST with oleic and linoleic acids impedes the ST deg-
radation and formation of oxidized sterols, degradation products, and oligomers during thermo-oxidation 
 treatment25. Limiting the formation of thermo-oxidative ST derivatives—compounds of unknown bioavail-
ability and non-defined impacts on human cells and tissues is an important issue for maintaining the safety of 
ST-enriched food products, especially during cooking and processing. ST-LA and ST-OA stigmasteryl esters 
differ in forming degradation products and oxyderivatives during thermo-oxidative treatment and, thus, also 
in cytotoxicity and oxidative reactivity. ST-OA is characterized by higher toxicological safety; independently 
of thermal treatment, it does not induce cytotoxic and genotoxic effects nor elevate the intracellular ROS level 
in normal human colon cells. In contrast to ST-OA, the heating causes enhanced ST-LA oxidative reactivity 
and increases its cytotoxic potential in the intestinal cells. The findings suggest that ST-OA may constitute a 
non-cytotoxic ST compound to form special-purpose functional foods intended for direct consumption and 
the thermal proceeding. However, further preclinical studies should be continued to determine ST-OA bioavail-
ability and functionality and exclude unfavorable health effects, such as pro-atherogenicity or pro-inflammatory.

Materials and methods
Preparation of stigmasteryl esters. Stigmasterol—ST (≥ 95%), oleic acid—OA (≥ 99%), and linoleic 
acid—LA (≥ 99%) standards were purchased from Sigma-Aldrich (St. Louis, MO, USA). ST-OA and ST-LA 
were obtained by chemical esterification based on the Neises and Steglich  method42 according to the protocol 
described by Kasprzak et al.25. ST (500 mg) dissolved in dichloromethane (30 mL) was placed in a three-necked 
flask. The air in the flask was replaced with argon. The catalyst: N,N′-Dicyclohexylcarbodiimide (500 mg) and 
4-Dimethylaminopyridine (15 mg), and fatty acid (OA or LA) (600 mg) were then added to the flask. Esteri-
fication was performed at room temperature for 24 h in the dark. The reaction mixture was transferred to a 
separatory funnel and extracted in triplicate with distilled water (10 mL), with lower layers collecting. The frac-
tions collected were concentrated under a vacuum at 30 °C, and the residue was dissolved in hexane (20 mL). 
The esterification mixture was purified on a silica gel column (45 × 2.5 cm). The ester fraction was eluted with 
hexane:ethyl acetate (9:1) mixture (450 mL). TLC was used to check the ester fraction purity.

Thermo‑oxidative treatment. ST, ST-OA, and ST-LA (50 mg each) were placed separately in glass vials 
and heated at 180 °C for 8 h under an oxygen atmosphere. After thermo-oxidative treatment, the tested com-
pounds were stored at − 20 °C until chemical and biological analyses. The non-heated and heated ST and its 
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esters were analyzed to detect degradation products and oxyderivatives. Analytical methods were described in 
the article published  previously25. Table S1 presents the composition of thermo-oxidative degradation products 
of ST, ST-OA, and ST-LA.

Compounds preparation for cytotoxicity and genotoxicity experiments. ST, ST-LA, and ST-OA 
were dissolved in acetone and then diluted in this solvent to obtain the concentrated stock solutions of the 
analyzed compounds at each dose tested. Each concentration was prepared by 200-fold diluting the appropriate 
stock solution in a culture medium.

Cytotoxicity assay. The normal human diploid CCD 841 CoN cell line (ATCC ® CRL-1790™) isolated from 
colon mucosa was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were 
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with fetal bovine 
serum (FBS; Gibco BRL, Grand Island, NY, USA) to a final concentration of 10% and maintained at 37 °C in a 
humidified atmosphere with 5%  CO2.

In the cytotoxicity experiments, CCD 841 CoN cells were seeded in 96-well plates at an initial density of 
2.0 ×  104 cells/cm2 and incubated for 24 h. Then, the cells were exposed to the non-heated and heated ST, ST-OA, 
and ST-LA at concentrations of 1.25, 2.5, 5, 10, 20, and 40 μg/mL for 48 h under standard culture conditions. 
Control culture contained the vehicle at the amount corresponding to the sample analyzed.

The Multitox-Fluor Multiplex Cytotoxicity Assay (Promega GmbH, Mannheim, Germany) was applied to 
determine the relative number of live and dead cells in the CCD 841 CoN cell cultures treated with the analyzed 
compounds. The assay determined live- and dead-cell protease activities using two fluorogenic peptide substrates, 
cell-permeant (glycyl-phenylalanyl-amino fluorocoumarin; GF-AFC) and cell-impermeant (bis-alanyl-alanyl-
phenylalanyl-rhodamine 110; bis-AAF-R110). After treatment, the cells were incubated with GF-AFC and bis-
AAF-R110 substrates for 60 min at 37 °C. The live- and dead-cell proteases produced AFC and R110 products, 
measured using a Tecan M200 Infinite microplate reader (Tecan Group Ltd., Männedorf, Switzerland) at different 
excitation (400 nm and 485 nm) and emission (505 nm and 520 nm) spectra. The assay was conducted according 
to the manufacturer’s instructions.

Measurement of DNA synthesis. CCD 841 CoN cells were grown in black 96-well plates at an initial cell 
density of 2 ×  104 cells/cm2 for 24 h under standard culture conditions. The cells were treated with ST (2.5, 5, 10, 
20, and 40 μg/mL) and its esters ST-OA and ST-LA (10, 20, and 40 μg/mL) for 48 h. DNA synthesis was measured 
by incorporating thymidine analog 5-bromo-2′-deoxyuridine (BrdU) into newly synthesized DNA using the 
Cell Proliferation ELISA kit according to the protocol recommended by the manufacturer (Roche Diagnostics 
GmbH, Mannheim, Germany). Briefly, BrdU was added to the treated cells 24 h before the end of the exposure 
to the ST, ST-OA, and ST-LA (final BrdU concentration of 10 μM). After treatment, BrdU-labeled DNA was 
denatured (30 min, 20 °C). Then, BrdU was bonded with a peroxidase-conjugated anti-BrdU antibody (90 min, 
20 °C) and reacted with the peroxidase substrate. The absorbance measurement was done with a stop solution 
(1 M  H2SO4) at 450 nm with reference wavelength 690 nm using a Tecan M200 Infinite microplate reader.

Cell cycle analysis. CCD 841 CoN cells were grown in 6-well plates at an initial cell density of 2 ×  104 cells/
cm2 for 24 h under standard culture conditions. The cells were treated for 24 h with the analyzed compounds at a 
concentration of 40 μg/mL; the high dose was applied because of the relatively low cytotoxic potential of ST-OA 
and ST-LA as determined in cytotoxicity studies. In addition, the cells were exposed to 0.05 μM camptothecin 
(Sigma-Aldrich) as a positive reference compound known to modulate cell cycle progression.

After treatment, the cells were harvested by trypsinization, washed in PBS, and fixed in 70% ethanol. Then, 
the cells were stained with 50 μg/mL propidium iodide in the presence of 100 μg/mL RNase (Sigma-Aldrich). 
The sample preparation method and staining protocol were described  previously43. The cycle phase distribution 
was analyzed with an Amnis™ FlowSight™ flow cytometer (Luminex Corporation, TX, USA).

Caspase 3/7 activity assay. CCD 841 CoN cells were grown in black 96-well plates at an initial cell density 
of 2 ×  104 cells/cm2 for 24 h under standard culture conditions. The cell cultures were treated for 24 h with ST, 
ST-OA, and ST-LA at a 40 μg/mL dose. After treatment, caspase-3/7 activity was determined using the APO-One 
Homogeneous Caspase-3/7 Assay (Promega Corporation, Wisconsin, USA), which is based on the proteolytic 
cleavage of C-terminal side of aspartate residue in the DEVD peptide substrate by caspase 3/7 into fluorescent 
rhodamine 110 (R110). Analysis of caspase 3/7 activity was carried out following the manufacturer’s instruc-
tions. Briefly, the cells after the treatment were incubated at room temperature with Apo-ONE® Caspase-3/7 
Reagent—bifunctional cell lysis/caspase activity buffer combined with the pro-fluorescent caspase-3/7 substrate 
Z-DEVD-R110. After 4-h incubation, fluorescence was measured at an excitation wavelength of 485 nm and an 
emission wavelength of 530 nm using a Tecan M200 Infinite microplate reader. Data obtained were normalized 
to cellular protein content, quantified by BCA assay  (Pierce® BCA Protein Assay Kit, Thermo Scientific Inc., 
USA) according to the manufacturer’s protocol.

Intracellular ROS measurement. CCD 841 CoN cells were grown in 6-well plates at an initial cell density 
of 2 ×  104 cells/cm2 for 24 h under standard culture conditions. The cell cultures were treated for 24 h with the 
analyzed compounds at a 40 μg/mL concentration. After treatment, the cells were harvested by trypsinization, 
washed with Hank’s Balanced Salt Solution, and incubated with 10 μM 2′,7′-Dichlorodihydrofluorescein diac-
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etate (DCFH-DA) (Life Technologies, Carlsbad, CA, USA) at 37 °C for 30 min. Intracellular DCF fluorescence 
(λex/em = 488/530 nm) was examined by flow cytometry (Amnis™ FlowSight™ flow cytometer).

DNA damage detection. The cells were grown at 6-well plates at the established density and standard 
culture conditions and exposed to the non-heated and heated ST, ST-OA, and ST-LA for 48 h. The non-treated 
cells and cells treated with  H2O2 (100 μM, 30 min) to induce oxidative DNA damage constituted the negative 
and positive controls, respectively. After treatment, cells were analyzed for DNA damage using a single cell gel 
electrophoresis (SCGE) called comet assay, described in detail  previously44. Briefly, harvested cells suspended 
in low melting point agarose were put onto microscope slides pre-coated with normal melting point agarose 
and subjected sequentially to lysis, alkaline electrophoresis (pH > 13), and neutralization (pH 10). The cells were 
stained with SYBRGold (Molecular Probes), viewed under a fluorescence microscope (Axiovert 200, Zeiss, Carl 
Zeiss, Gottingen, Germany), and analyzed using CometScore™ software (TriTek Corp., Sumerduck, VA, USA). 
At least 100 cells were analyzed on a microscope slide; 300 cells were considered for DNA damage detection in 
one sample. Data were expressed as the mean percentage of DNA content in the comet tail. Moreover, depend-
ing on DNA content in comet tails, comets were classified into five categories: class 0 (< 1%, no damage), class 
1 (1–25%; low damage), class 2 (> 25–45%; medium damage), class 3 (> 45–70%; high damage), class 4 (> 70%; 
very high damage). Based on the comets’ categorization, the total comet score (TCS) was calculated according to 
the formula: TCS = 0(n) + 1(n) + 2(n) + 3(n) + 4(n), where “n” is the number of cells in each comet class (0–4)45.

Mutagenicity assay. Potential mutagenicity or pro-mutagenicity of non-heated and heated ST, ST-LA, and 
ST-OA was determined using the bacterial reverse mutation assay (Ames test) with Salmonella enterica subsp. 
enterica ser. typhimurium tester strains TA98, TA100, and TA102, which were obtained from the Polish Collec-
tion of Microorganisms of the Institute of Immunology and Experimental Therapy of the Polish Academy of 
Sciences in Wroclaw.

Mutagenicity experiments were performed in the liquid pre-incubation assay, without and with metabolic 
activation by supplying Aroclor 1254-induced rat liver microsomal fraction (S9, Sigma-Aldrich) with NADP and 
cofactors for NADPH-supported oxidation, according to the procedure described by Mortelmans and  Zeiger39. 
Briefly, reaction mixtures, consisting of 12-h bacterial culture, non-heated and heated compound (ST, ST-LA, 
ST-OA) at a concentration of 40 μg, 0.2 M phosphate buffer (pH 7.4), and alternatively S9 activating mixture, 
were pre-incubated at 37 °C for 20 min. The mutagens, 2-aminofluorene (100 μg), sodium azide (1 μg), and 
tert-butyl-hydrogen peroxide (tert-butyl-H2O2) (50 μM) (all supplied by Sigma-Aldrich), were used as positive 
controls to reverse mutation in the TA98, TA100, and TA102 strain, respectively. The mutagen, 2-aminoanthra-
cene (5 μg) (Sigma-Aldrich), was a positive control in pro-mutagenicity experiments. After pre-incubation, the 
reaction mixtures were added to the top agar supplemented with traces of histidine and biotin and poured onto 
the plates covered with minimum glucose agar. The cultures were incubated for 48 h at 37 °C, and the number 
of revertants (His+) colonies was counted manually.

The mutagenic index (MI), which reflects the number of induced revertants (Ri) with mutagen or compound 
tested divided by the number of spontaneously induced revertants (Rs), was applied to express mutagenic activity. 
Compounds with MI ≥ 2 can be recognized as potentially  mutagenic46. The MI values calculated for reference 
mutagens applied to induce reverse mutation in tester strains ranged from 2.51 to 13.55 (Table 1).

Statistical analysis. Data are presented as means ± SD from three independent replications. Statistical 
analysis was performed using STATISTICA version 13.3 software (Statsoft, Inc., Tulsa, OK, USA). A Student’s 
t-test was used to compare two groups of data. One-way analysis of variance (ANOVA) followed by Tukey’s post 
hoc test was performed to determine the differences between the mean values of multiple groups. P ≤ 0.05 was 
the cut-off point for a significant difference.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 2 March 2023; Accepted: 27 April 2023

References
 1. Salehi, B. et al. Phytosterols: From preclinical evidence to potential clinical applications. Front. Pharmacol. 11, 599959 (2021).
 2. EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA). Safety of the extension of use of plant sterol esters as a novel 

food pursuant to Regulation (EU) 2015/2283. EFSA J. 18, e06135 (2020).
 3. EFSA Panel on Food additives and Nutrient Sources added to Food (ANS). Scientific opinion on the safety of stigmasterol-rich 

plant sterols as food additive. EFSA J. 10, 2659 (2012).
 4. Feng, S., Wang, L., Shao, P., Sun, P. & Yang, C. S. A review on chemical and physical modifications of phytosterols and their influ-

ence on bioavailability and safety. Crit. Rev. Food Sci. Nutr. 62, 5638–5657 (2022).
 5. Hovenkamp, E. et al. Biological effects of oxidized phytosterols: A review of the current knowledge. Prog. Lipid Res. 47, 37–49 

(2008).
 6. Rudzińska, M. Phytosterols as functional compounds and their oxidized derivatives. In Lipid Oxidation in Food and Biological 

Systems (2022).
 7. Lengyel, J. et al. Oxidation of sterols: Energetics of C–H and O–H bond cleavage. Food Chem. 133, 1435–1440 (2012).
 8. Barriuso, B., Astiasarán, I. & Ansorena, D. Unsaturated lipid matrices protect plant sterols from degradation during heating treat-

ment. Food Chem. 196, 451–458 (2016).



13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7093  | https://doi.org/10.1038/s41598-023-34335-0

www.nature.com/scientificreports/

 9. Rudzińska, M., Korczak, J. & Wąsowicz, E. Changes in phytosterols and their oxidation products during frying of French fries in 
rapeseed oil. Pol. J. Food Nutr. Sci. 55, 381–387 (2005).

 10. Husche, C. et al. Validation of an isotope dilution gas chromatography–mass spectrometry method for analysis of 7-oxygenated 
campesterol and sitosterol in human serum. Chem. Phys. Lipids 164, 425–431 (2011).

 11. Baumgartner, S. et al. Postprandial plasma oxyphytosterol concentrations after consumption of plant sterol or stanol enriched 
mixed meals in healthy subjects. Steroids 99, 281–286 (2015).

 12. Luister, A. et al. Increased plant sterol deposition in vascular tissue characterizes patients with severe aortic stenosis and concomi-
tant coronary artery disease. Steroids 99, 272–280 (2015).

 13. Baumgartner, S. et al. The effects of vitamin E or lipoic acid supplementation on oxyphytosterols in subjects with elevated oxidative 
stress: A randomized trial. Sci. Rep. 7, 15288 (2017).

 14. Plat, J. et al. Oxidised plant sterols as well as oxycholesterol increase the proportion of severe atherosclerotic lesions in female LDL 
 receptor+/− mice. Br. J. Nutr. 111, 64–70 (2014).

 15. Yang, C. et al. β-Sitosterol oxidation products attenuate vasorelaxation by increasing reactive oxygen species and cyclooxygenase-2. 
Cardiovasc. Res. 97, 520–532 (2013).

 16. Rubis, B. et al. Beneficial or harmful influence of phytosterols on human cells?. Br. J. Nutr. 100, 1183–1191 (2008).
 17. Alemany, L., Laparra, J. M., Barberá, R. & Alegría, A. Relative expression of cholesterol transport-related proteins and inflamma-

tion markers through the induction of 7-ketosterol-mediated stress in Caco-2 cells. Food Chem. Toxicol. 56, 247–253 (2013).
 18. Vejux, A. et al. Absence of oxysterol-like side effects in human monocytic cells treated with phytosterols and oxyphytosterols. J. 

Agric. Food Chem. 60, 4060–4066 (2012).
 19. Wang, M. & Lu, B. How do oxyphytosterols affect human health?. Trends Food Sci. Technol. 79, 148–159 (2018).
 20. Ryan, E., Chopra, J., McCarthy, F., Maguire, A. R. & O’Brien, N. M. Qualitative and quantitative comparison of the cytotoxic and 

apoptotic potential of phytosterol oxidation products with their corresponding cholesterol oxidation products. Br. J. Nutr. 94, 
443–451 (2005).

 21. O’Callaghan, Y. C. et al. Cytotoxic and apoptotic effects of the oxidized derivatives of stigmasterol in the U937 human monocytic 
cell line. J. Agric. Food Chem. 58, 10793–10798 (2010).

 22. Gao, J. et al. Evaluation of cytotoxic and apoptotic effects of individual and mixed 7-ketophytosterol oxides on human intestinal 
carcinoma cells. J. Agric. Food Chem. 63, 1035–1041 (2015).

 23. Alemany, L., Laparra, J. M., Barberá, R. & Alegría, A. Evaluation of the cytotoxic effect of 7keto-stigmasterol and 7keto-cholesterol 
in human intestinal (Caco-2) cells. Food Chem. Toxicol. 50, 3106–3113 (2012).

 24. Bakrim, S. et al. Health benefits and pharmacological properties of stigmasterol. Antioxidants 11, 1912 (2022).
 25. Kasprzak, M., Rudzińska, M., Kmiecik, D., Przybylski, R. & Olejnik, A. Acyl moiety and temperature affects thermo-oxidative 

degradation of steryl esters. Cytotoxicity of the degradation products. Food Chem. Toxicol. 136, 111074 (2020).
 26. Rudzińska, M. et al. Thermo-oxidative stability of asymmetric distigmasterol-modified acylglycerols as novel derivatives of plant 

sterols. Food Chem. 390, 133150 (2022).
 27. Kasprzak, M. et al. The degradation of bioactive compounds and formation of their oxidation derivatives in refined rapeseed oil 

during heating in model system. LWT 123, 109078 (2020).
 28. Weststrate, J. A., Ayesh, R., Bauer-Plank, C. & Drewitt, P. N. Safety evaluation of phytosterol esters. Part 4. Faecal concentrations 

of bile acids and neutral sterols in healthy normolipidaemic volunteers consuming a controlled diet either with or without a phy-
tosterol ester-enriched margarine. Food Chem. Toxicol. 37, 1063–1071 (1999).

 29. Levin, D. E., Hollstein, M., Christman, M. F., Schwiers, E. A. & Ames, B. N. A new Salmonella tester strain (TA102) with A × T 
base pairs at the site of mutation detects oxidative mutagens. Proc. Natl. Acad. Sci. U.S.A. 79, 7445–7449 (1982).

 30. Maron, D. M. & Ames, B. N. Revised methods for the Salmonella mutagenicity test. Mutat. Res./Environ. Mutagen. Relat. Subj. 
113, 173–215 (1983).

 31. Tao, C., Shkumatov, A. A., Alexander, S. T., Ason, B. L. & Zhou, M. Stigmasterol accumulation causes cardiac injury and promotes 
mortality. Commun. Biol. 2, 20 (2019).

 32. Li, K. et al. Stigmasterol exhibits potent antitumor effects in human gastric cancer cells mediated via inhibition of cell migration, 
cell cycle arrest, mitochondrial mediated apoptosis and inhibition of JAK/STAT signalling pathway. J. BUON 23, 1420–1425 (2018).

 33. Redza-Dutordoir, M. & Averill-Bates, D. A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. 
Biophys. Acta BBA Mol. Cell Res. 1863, 2977–2992 (2016).

 34. Leonarduzzi, G. et al. Early involvement of ROS overproduction in apoptosis induced by 7-ketocholesterol. Antioxid. Redox Signal. 
8, 375–380 (2006).

 35. Woo, S.-Y. et al. Role of reactive oxygen species in regulating 27-hydroxycholesterol-induced apoptosis of hematopoietic progenitor 
cells and myeloid cell lines. Cell Death Dis. 13, 916 (2022).

 36. Koschutnig, K. et al. Cytotoxic and apoptotic effects of single and mixed oxides of β-sitosterol on HepG2-cells. Toxicol. In Vitro 
23, 755–762 (2009).

 37. Su, L.-J. et al. Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and ferroptosis. Oxid. Med. Cell. Longev. 
2019, 1–13 (2019).

 38. Raczyk, M., Paszel-Jaworska, A. & Rudzińska, M. Cytotoxic activity of stigmasteryl esters and products of their thermo-oxidative 
degradation against drug sensitive and drug resistant human acute lymphoblastic leukemia cells [pdf]. Acta Sci. Pol. Technol. Ali-
ment 17, 11–18 (2018).

 39. Mortelmans, K. & Zeiger, E. The Ames Salmonella/microsome mutagenicity assay. Mutat. Res./Fundam. Mol. Mech. Mutagen. 455, 
29–60 (2000).

 40. Wolfreys, A. M. & Hepburn, P. A. Safety evaluation of phytosterol esters. Part 7. Assessment of mutagenic activity of phytosterols, 
phytosterol esters and the cholesterol derivative, 4-cholesten-3-one. Food Chem. Toxicol. 40, 461–470 (2002).

 41. Lea, L. J., Hepburn, P. A., Wolfreys, A. M. & Baldrick, P. Safety evaluation of phytosterol esters. Part 8. Lack of genotoxicity and 
subchronic toxicity with phytosterol oxides. Food Chem. Toxicol. 42, 771–783 (2004).

 42. Neises, B. & Steglich, W. Simple method for the esterification of carboxylic acids. Angew. Chem. Int. Ed. Engl. 17, 522–524 (1978).
 43. Olejnik, A. et al. ROS-modulating anticancer effects of gastrointestinally digested Ribes nigrum L. fruit extract in human colon 

cancer cells. J. Funct. Foods 42, 224–236 (2018).
 44. Olejnik, A. et al. Gastrointestinal digested Sambucus nigra L. fruit extract protects in vitro cultured human colon cells against 

oxidative stress. Food Chem. 197, 648–657 (2016).
 45. Collins, A. R. et al. The comet assay: Topical issues. Mutagenesis 23, 143–151 (2008).
 46. Resende, F. A., da Silva Almeida, C. P., Vilegas, W. & Varanda, E. A. Differences in the hydroxylation pattern of flavonoids alter 

their chemoprotective effect against direct- and indirect-acting mutagens. Food Chem. 155, 251–255 (2014).

Author contributions
M.K. Conceptualization, Investigation, Visualization, Formal analysis, Writing—Original Draft. M.R. Concep-
tualization, Project administration. W.J. Methodology, Investigation. A.O. Conceptualization, Methodology, 
Investigation, Writing—Review and Editing.



14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7093  | https://doi.org/10.1038/s41598-023-34335-0

www.nature.com/scientificreports/

Funding
This work was supported by the National Science Centre, Poland [grant 2015/17/B/NZ9/01535]. Publication was 
co-financed within the framework of the Polish Ministry of Science and Higher Education’s program: “Regional 
Initiative Excellence” in the years 2019–2022 (No. 005/RID/2018/19)”, financing amount 12 000 000,00 PLN.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 34335-0.

Correspondence and requests for materials should be addressed to A.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-34335-0
https://doi.org/10.1038/s41598-023-34335-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anti-proliferative potential and oxidative reactivity of thermo-oxidative degradation products of stigmasterol and stigmasteryl esters for human intestinal cells
	Results
	Cytotoxicity of stigmasterol and its esters to normal colon mucosa cells. 
	The effect of stigmasterol and its esters on DNA synthesis in normal colon mucosa cells. 
	Effect of stigmasterol and its esters on cell cycle progression and apoptosis. 
	Effect of stigmasterol and its esters on DNA damage in normal colon mucosa cells. 
	Mutagenic activity of stigmasterol and its esters. 

	Discussion
	Conclusions
	Materials and methods
	Preparation of stigmasteryl esters. 
	Thermo-oxidative treatment. 
	Compounds preparation for cytotoxicity and genotoxicity experiments. 
	Cytotoxicity assay. 
	Measurement of DNA synthesis. 
	Cell cycle analysis. 
	Caspase 37 activity assay. 
	Intracellular ROS measurement. 
	DNA damage detection. 
	Mutagenicity assay. 
	Statistical analysis. 

	References


