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Acrylamide (ACR) is a global health concern in starchy and cereal-based heat-processed foods. While
amino acids (AA) have been suggested as effective scavengers of acrylamide, there is a dearth of
information about the cellular response towards amino acid-acrylamide (AA-ACR) adducts. In this
work, we have conducted a detailed comparison of the effects of ACR versus AA-ACR adducts
towards two human gastrointestinal cell lines Caco-2 and HCT-15. Adducts of Lysine, Glycine,
Cysteine, and Methionine, with ACR, have been prepared via optimised reaction conditions and
characterized by a combination of ESI-MS and MS/MS. Exposure of Caco-2 and HCT-15 to these
adducts is accompanied by significant reduction in formation of reactive oxygen species (ROS), and
prevention of abnormal accumulation of the cells in G1 phase. Measurement of apoptosis and necrosis
in the cell lines treated with AA-ACR clearly indicate the ability of the AAs to sequester ACR and
block oxidative stress-induction that would otherwise be observed, completely precluding apoptosis
and necrosis. The sequestration of ACR by each of the four AAs prevents the loss of mitochondrial
membrane potential and the induction of autophagy, that would otherwise be affected upon exposure
to ACR. The hitherto untested behaviour of human gastrointestinal cells towards AA-ACR presented

in this work supports the application of AA for the mitigation of ACR in foods.
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Introduction
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Thermal processing of foods is deeply correlated to nutritional quality, microbiological safety and
sensory properties of prepared food products. Thermal processing is also commonly associated with
generation of undesirable chemicals in the food matrix (1,2). Acrylamide (ACR) is a notorious
example of such a chemical and has been subject to intense scrutiny for more than two decades now
(3). Prior to its emergence in food, ACR was a valuable building block in industrial manufacture of
plastics. ACR was sought as an important analyte in cigarette smoke, and in the treatment of
wastewater (1). ACR was also found in consumer products, such as caulking, food packaging, and
some adhesives (4). While ACR has been around for as long as people have been baking, roasting, or
frying foods, the discovery of significant levels of ACR by Toérnqvist and co-workers, in foods
exposed to heat treatments, brought about substantive increase in scrutiny of ACR in foods (5). The
elevated levels of ACR especially in starchy foods processed at high temperatures was attributed to
Maillard reaction (6, 7). The Maillard reaction is not a single reaction but a complex series of reactions
involving the condensation of reducing sugars (glucose and fructose) with amino acids, mainly

asparagine. The resultant N-glycosides usually rearranges to the Amadori rearrangement product,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

which in turn converts to melanoidin, where a further decarboxylation of the Schiff base leads to
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ACR formation (8,9,10). ACR is absent in raw foods and is formed favourably in low moisture-
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containing foods at temperatures of 120 °C or higher (11,12,13). The Maillard reaction is held
responsible for the brown colour, crust, and characteristic sensory features of baked, fried, and toasted
foods (14). The reducing sugars and asparagine can each behave as limiting factor in different foods
(15). Owing to the greater surface-localization of the reaction, ACR in bread is located mainly in the
crust with very low amounts in the crumb (16). Worldwide concerns on the presence of ACR in heat-
processed foods is based on its classification as a probable human carcinogen (17). While maximum
limits for ACR in food have not been established, the World Health Organisation guideline for ACR
in drinking water 1s 0.5 pg/L. ACR levels in foods varies widely with higher levels associated with

potato products such as fries (300 - 2000 pg/kg) and chips (200 to 2500 pg/kg) (18,19).
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Numerous studies have sought to connect consumption of fried and baked foods, containing high

View Article Online
DOI: 10.1039/D5FO00301F

Open Access Article. Published on 27 May 2025. Downloaded on 6/1/2025 4:59:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

prospective levels of ACR, with prevalence of cancer (20,21). ACR has been suggested as a
multiorgan carcinogen in rats and mice, and as a potential carcinogenic hazard to humans (22,23).
ACR is rapidly and completely absorbed by rats in the gastrointestinal tract and distributed to the
peripheral tissues (24). The fate of ACR in humans is qualitatively similar to that in rats (24). Once
absorbed, ACR metabolism can proceed via at least two main pathways. It could be conjugated to N-
acetyl-S-(3-amino-3-oxopropyl) cysteine by glutathione-S-transferase (GST). It could also be
converted to glycidamide, in a reaction catalysed by the cytochrome P450 enzyme complex

(CYP450) (25,26).

While these pathways can provide direct detoxification mechanisms for removal of ACR, excess
exposure can overload the pathways rendering them less effective (27). Consumption of cysteine-rich
foods has been suggested for lowering the risk of toxicity of ACR (27,28). The mercapturic acids of
ACR and glycidamide represent the major metabolites of ACR metabolism, and their urinary
excretion levels are suggested as biomarkers of ACR exposure (29). ACR and glycidamide can also
form adducts with DNA, and amino acids in hemoglobin, and these adducts also represent important
biomarkers of ACR exposure (30). Mitigation strategies for ACR, especially from potato and cereal
products, have assumed importance considering the serious long-term health risks associated with
ACR ingestion (31). Such strategies include selection of potato varieties, and identification of suitable
time of their harvest that results in low content of reducing sugars (32,33,34). A variety of plant-
derived bioactive products have proved effective for mitigating ACR toxicity. These include sesamol,
vitamin E, chrysin and quercetin (35, 36, 37, 38). Among whole plants and their parts, the use of
rosemary extracts and bamboo leaves leads to lower levels of ACR formation (35). Several strategies
have been proposed for controlling ACR levels in processed foods. Apart from using ingredients with
low concentrations of reducing sugars, these approaches include the application of functional food
ingredients such as amino acids for lower ACR formation. Kobayashi et al. found lysine and cysteine-

mediated ACR content reduction in aqueous solution below 120 °C (39). Koutsidis et al. reported the
4
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suppression of ACR formation by use of proline, tryptophan, glycine, and cysteine (40). Pre-treatment
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of potato slices with specific concentrations of amino acids result in a significant lowering of ACR

formation (41). The amino acid-facilitated elimination of ACR occurs via Michael-type addition
reaction (40,42,43). A rigorous examination of adduct structures and their associated anti-toxic or
hazardous effects is yet to be reported. Similarly, there is a need to optimise experimental protocols
that facilitate adduct formation along with assessment of the mitigating effects accompanying such

adducts.

In this work, we have examined the sequestration of ACR as AA-ACR adducts as a robust approach
for the mitigation of ACR-induced cellular stress on two gastrointestinal cell lines, HCT-15 and Caco-
2. While the ability of amino acids to scavenge ACR is scattered across different reports, there have
been no investigations into the response of human cells to the AA-ACR. Our results describe the
ability of amino acids lysine (Lys), glycine (Gly), cysteine (Cys) and methionine (Met) to form stable
adducts with ACR, which when exposed to gastrointestinal cell lines prevents the harmful cellular
response associated with exposure to ACR. To the best of our knowledge, this is the first

comprehensive evaluation of cellular response to AA-ACR.
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Experimental

Materials

Amino acids L-lysine monohydrate (Lys, >98%), L-Glycine (Gly, >99%), L-Cysteine (Cys, >99%)),
L-methionine (Met, >99%), L-asparagine (Asn, >99%), L-Aspartic acid (Asp, >98%) and L-Glutamic
acid (Glu, >98%) and HPLC grade Methanol and Acetonitrile were purchased from Finar Chemicals
(Ahmedabad, India). Acrylamide standard (=99.8%, catalogue No. 23701) was procured from Sigma-
Aldrich Chemical Company (Bangalore, India). Standard solutions of ACR were prepared in 80%

methanol, and all solutions were stored at 4 °C in the dark. DTNB (5,5'-dithio-bis- [2-nitrobenzoic
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acid]) (Cas no.: 69-78-3), 2,4,6-Trinitrobenzene Sulfonic Acid (TNBSA) (2508-19-2) and o-
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Phthalaldehyde (CAS : 643-79-8) were purchased from Sigma Aldrich (Bangalore, India). Anti-LC3
antibody Novus Biologicals, NBP2-46892. Secondary antibody Alexa-FlourTM 488 goat anti-mouse
IgG (ThermoFischer Scientific-A11001) were purchased from ThermoFischer Scientific (Bangalore,
India)

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 2’7’-dichlorofuorescin
diacetate (DCFH-DA), JC-1 5,5°,6,6 -tetrachloro-1,1’,3,3’-tetraethylbenzimidazolocarbo-cyanine
iodide (JC-1), YO-PRO-1-lodide, Propidium Iodide (PI) were purchased from Thermo Fisher
scientific (Ahmedabad, India) RPMI-1640 medium, Dulbecco’s minimum essential medium
(DMEM), Foetal bovine serum (FBS) and penicillin-streptomycin were purchased from Gibco,
(Mumbeai, India). Two potato samples (Raw potato and Frozen potato powder) were purchased from
local supermarket (Gujarat, India), Amylase from human saliva (A1031), Pepsin from porcine gastric
mucosa (P6887) and Pancreatin from porcine pancreas (P7545) and acrylamide-d3 standard (500
ng/mL)(122775-19-3) were purchased from Sigma-Aldrich (Bangalore, India).

Cell lines HCT-15 (Human colon cancer cell line-large intestinal) and Caco-2 (Human colorectal
adenocarcinoma- small intestinal) were procured from NCCS (Pune, India).

Instrumentation

High Performance Liquid Chromatography was performed on a Shimadzu Prominence HPLC-DAD-
RID system-20A, Japan. Ultra high-performance liquid chromatography-mass spectrometry was
performed on a UHPLC-MS by LCQ Fleet Dionex Ultimate 3000 of ThermoScientific. Samples were
imaged using Laser Scanning Confocal microscopy (Leica SPI8) using the 63 X oil immersion
objective at 405 nm, 488 nm, 525 nm, and 594 nm wavelengths. Flow cytometry was conducted on
BD FACS Aria Fusion, USA with the following lasers 405 nm, 488 nm, 525 nm, and 594 nm
wavelengths. UV-visible spectra were recorded on a JASCO-V-750, Tokyo, Japan, and on BioTek
Cytation Hybrid Multimode Reader (Agilent Technologies International Pvt. Ltd., Manesar, India).

Scavenging capacity of amino acids for acrylamide
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The scavenging ability of seven amino acids for ACR was studied for the purpose of optimizing the
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reaction conditions. 4 mL of reaction mixture containing 50 mM of a single amino acid species

(Lysine, Glycine, Methionine, Cysteine, Asparagine, Aspartic acid and Glutamic acid) and 10 mM
ACR aqueous solution were placed in 10 mL glass tubes and heated in a water bath at 80 °C for 2 h.
The concentrations used here were followed by few studies (42). The samples were then cooled in an
ice bath for stopping the reaction and analysed with high performance liquid chromatography-diode
array detector (HPLC-DAD) systems based on a previously reported method. (44) Briefly, 10 uL of
the filtered sample was injected into the Shimadzu Shim-pack GIST column (4.6 mm X 250 mm, 5
um, Spinco Biotech Pvt. Ltd., Ahmedabad, India) and isocratically eluted by methanol/water (2:98,
v/v) solution at a flow rate of 0.4 mL min! and 40.0 °C. ACR residue was measured at 205 nm and
quantified using an external standard curve with the standards prepared above.

The reaction products were further identified through HPLC-MS/MS analysis based on the method
reported previously (45). HPLC was performed based on the above parameters, and MS spectrum
was acquired in positive ion mode over a range of m/z 50-500 with source temperature of 300 °C,

desolvation temperature of 250 °C and capillary voltage of 4.0 kV. The collision energy was set at

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

20.0 eV for product ion scans.

Optimization of reaction conditions between acrylamide and amino acids
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Mixtures (4 mL) containing 10 mM ACR and different amounts (5, 10, 15, 20, 30, 40, 50, 60 mM)
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of each amino acid, lysine, cysteine, methionine, and glycine, were reacted in sealed glass tubes at
80 °C for 2 h. Subsequently, the test tubes were cooled in an ice bath. The reaction mixtures were
analyzed using HPLC and quantified using LC-MS. For the optimization of temperature and time of
incubation, mixtures (4 mL) containing 10 mM ACR, and previously optimized concentration of
amino acids were reacted under different incubation times (0-120 min), and under different
temperatures (80 °C, 120 °C, 160 °C, 180 °C). The characterisation of adduct formation was

performed as described above using HPLC and LC-MS.
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Kinetics of reaction between acrylamide and amino acids

. . . ) ) . DO 10.10%/‘96/%22885;825
The kinetic evaluation consisted of 4 different reactions, (1) L-lysine (50 mM, 100 ml), 2) L-Glycine

(40 mM, 100 ml), 3) L-cysteine (60 mM, 100 ml), 4) L-methionine (50 mM, 100 ml), with ACR (1
mM, 100 ml). The reactions were performed at 80.0, 120.0, 160.0 and 180.0 °C in a reflux system for
120 min. Solutions were prepared in PBS (60.0 mM, pH 7.4). These conditions were adopted after
based on the optimizations performed in the previous section. 1 ml aliquots were taken from the
reactions and each aliquot was mixed with 5 ml of PBS (60.0 mM, pH 7.4), 1 ml of DTNB (5,5'-
dithio-bis- [2-nitrobenzoic acid]) (5.0 mM) prepared in PBS (60.0 mM, pH 7.4), 1 ml of 2,4,6-
Trinitrobenzene Sulfonic Acid (TNBSA or TNBS) (0.01% (w/v) prepared fresh in 0.1 M sodium
bicarbonate, pH 8.5, and 1 ml of OPDA according to the amino acid to be analysed. The mixtures
were analysed in a UV-VIS Spectrophotometer (JASCO-V750) (Tokyo, Japan). The concentration
of each amino acid was evaluated from standard calibration plots.

The pseudo first-order rate constant (K,ps) for the amino acids was calculated according to equations

(1) and (2):
Ln ([SH] / [SH]p) = -Kgps x t v (D)
Ln ([NH2]/ [NH2]p) = -Kgps X t e (2

where [SH] and [NH;] are the concentration of thiols and amino group at a specific time and [SH],
and [NH;] is the initial concentration of thiols and amino group respectively.

Purification of amino acid-acrylamide adducts

AA-ACR adducts were synthesised based on the reported method of Zhao et al. with suitable
modifications and following the optimised reaction conditions developed in the initial part of the
current work (see Table S1) (46). Briefly, 100 mL of the aqueous solution containing a different ratio
of ACR and amino acids was incubated at optimised temperature under constant stirring for 120 min.
The concentrations of amino acids reacting with ACR (10 mM) were as follows, Lysine and
Methionine: 50 mM, Glycine: 40 mM, Cysteine: 60 mM. At the end of the incubation time, the

products were concentrated with a vacuum rotary evaporator (Eyela N-1300, Tokyo, Japan), and the
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adducts in the concentrate were purified with a C18 reverse silica gel column (Gly-ACR and Lys-
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ACR) monitored by HPLC (UltiMate 3000, Thermo Fisher, Germany). Elution solution used was
methanol: water (2:98 v/v), and the fractions containing more than 80% of the target adducts were
collected and further purified with semi-preparative liquid chromatography (25). Separation was
performed with a Shimadzu QC-C18 column (250 x 10 mm, 5 um, Shimadzu Analytical, India). The
HPLC data for the four adducts is provided in Table S2. The purified adducts were evaporated using
a rotary vacuum evaporator at 55 °C, followed by freeze-drying with a vacuum freeze-dryer
(FreeZone Plus 4.5 Liter Cascade Benchtop Freeze Dry System, Labconco, Kansas, USA).

Cell culture and reagents

Caco-2 and HCT-15 cells were obtained from National Centre for Cell Science (Pune, India). Caco-
2, the immortalized cell line of human colorectal adenocarcinoma epithelial cells was cultured in
Dulbecco's Modified Eagle Medium (DMEM) holding 10% fetal bovine serum (Gibco), penicillin
(100 units/mL, Gibco), and streptomycin (100 pg/mL, Gibco). HCT-15 (Human colon cancer cell
line) cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10%

fetal bovine serum (Gibco), penicillin (100 units/mL, Gibco), and streptomycin (100 pg/mL, Gibco).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Cells were then incubated in a humidifier at 37 °C with 5% CO, to achieve 70% - 80% confluency.

The cells were washed every three days with 0.1 M PBS (pH 7.4) and the medium was renewed.

Open Access Article. Published on 27 May 2025. Downloaded on 6/1/2025 4:59:19 AM.

Confluent cells were detached from the culture with 0.25% Trypsin (37 °C, 10 min) according to the
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manufacturer’s instructions, suspended in sterile PBS, and gently aspirated off the plastic flask. The
cell suspension was centrifuged (1000 x g, 5 min) and decanted, and the pellet was re-suspended in
fresh DMEM. The Caco-2 cells were ready for use after a cell count had been performed by a hemo-
cytometer. Cells were passaged every week, and passages 7—12 were used for all experiments.
Incubation with adducts and reagents

ACR and the targeted adducts (AA-ACR) namely Lysine-adduct (Lys-ACR), Glycine-adduct (Gly-
ACR), Methionine-adduct (Met-ACR), and Cysteine-adduct (Cys-ACR) was prepared as 3.4 mM and

3.78 mM stock solutions, for HCT-15 and Caco-2 cell lines, respectively.
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Identification of acrylamide and adducts in potato tuber samples
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The selected potato tubers and frozen potato tubers were subjected to blanching treatment. The
method of blanching, soaking/ pre-treatment with optimised amino-acids conditions were followed
according to previous reported method with a slight modification (52). Briefly, potato tubers from
local market were washed under running water, hand peeled and cut into round slices (5 cm diameter,
2 mm thickness). Blanching was done by immersing the potato slices in distilled water (control
sample), L-cysteine (0.06 M), L-Glycine (0.04 M), L-Lysine (0.05 M) and L-Methionine (0.05 M).
Samples were removed after 10 min. All blanching steps were performed at 65 °C. Blanched potato
samples were fried in sunflower oil (500 g) was placed in a stainless-steel pan of electric fryer and

heated at 190 + 5 °C for 6 min.

In vitro digestion of potato samples

The in vitro digestion of fresh ground food samples was carried out in triplicate following the
INFOGEST protocol described by Egger et al. (2016) (53), with minor modifications. Five grams of
each sample system treated with respective amino acids were measured into polypropylene tubes, and
Milli-Q water was added to adjust the total weight to 5 g. This step ensured consistent acrylamide
content and enzyme concentrations across all digestions. Instead of incorporating lipase in the
intestinal phase, the samples were sonicated to enhance lipid accessibility for subsequent digestion
steps (54). The digestion began with the addition of 0.5 mL of a-amylase solution, adjusted to a
concentration of 75 U/mL as per the standardized protocol. The samples were incubated at 37 °C for
2 min with gentle agitation. Subsequently, 10 mL of pepsin and 5 pL of 0.3 M CaCl, were added,
and the pH was adjusted to 3.0 using 1 M HCI. The pepsin concentration in the final mixture was
standardized to 2000 U/mL. The mixtures were then incubated at 37 °C for 2 hours with continuous
mild agitation. For the intestinal phase, the pH was increased to 7.0 using 1 M NaOH, and 20 mL of
a solution containing pancreatin, bile salts, and 40 puL of 0.3 M CaCl, was added. The pancreatin

concentration was adjusted to 13.37 mg/mL, while bile salts were set to 10 mM in the final mixture.

10


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo00301f

Page 11 of 44 Food & Function

These preparations were incubated at 37 °C for 2 hours under gentle and continuous agitation before
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being rapidly frozen in liquid nitrogen to terminate enzymatic reactions and stored at —20 °C. Frozen

potato samples were thawed and centrifuged at 4 °C at 3000 x g for 45 min. The supernatant (bio-
accessible fraction) and pellet (non-soluble residual fraction) were carefully separated. Blank

digestions were prepared using 5 mL of Milli-Q water, following the complete digestion protocol.

The limit of quantification (LOQ) (signal-to-noise ratio 10) 10.5 pg/kg and limits of detection (LOD)
(signal-to-noise ratio 3) 5 pg/kg were calculated by injecting lower concentrations of standards. No
suppression of acrylamide by the sample matrix was observed. All analyses were performed twice.
All the peak concentrations were considered based on the respective standards including ACR-AA

adducts.

Determination of acrylamide in potato samples

The homogenized sample (5 g) was extracted with 50 mL of methanol (5%) and shaken by hand for
30 min. After centrifugation for 30 min at 10,000 g, the supernatant solution was transferred to a 200

mL separating funnel and the aqueous layer was collected and used for analysis. The aqueous layer

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

was centrifuged at 3000 x g for 5 min. The pooled supernatant was filtered through a 0.2 pn PVDF
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syringe filter. The C18 SPE column (Supelclean™ LC-18 SPE Tube 57054) was conditioned with 5

(ec)

mL methanol and the extract (2 mL) was loaded with 5 mL of water onto the column. The extracts
were eluted with 2 mL of water. The eluent was collected for HPLC analysis. The samples were
analysed using HPLC (Shimadzu Prominence HPLC-DAD-RID system-20A, Japan) with a CI18
column (250%4.6 nm, 5 p purity C18). The injected volume was 20 pL. The separation was carried
out using 80% methanol/water (v/v) with flow rate 1 mL min-!' and the effluent of the column was
continuously monitored with the UV detector at 254 nm (55). The concentration of acrylamide and
the corresponding adducts in the respective sample were analysed using the standard curves (Table

S3).

11
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Cell viability assay
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We measured cell viability towards ACR and amino acid-ACR adducts via MTT assay.
Approximately 10* Caco-2 and HCT-15 cells were seeded in each well of 96-well plates in complete
culture medium. The cells were incubated overnight at 37 °C under 5% CO,. Next, the medium was
aspirated and ACR and Acrylamide Adducts (AA-ACR) in respective media were added to achieve
the final tested concentrations [mM]: 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 3.5, 4, 4.5 and 5. Six replicates of the
samples were created. The negative controls contained only cells in DMEM without ACR and AA-
ACR. Cells were incubated at 37 °C under 5% CO, for 24 h. After incubation, the medium with ACR
and AA-ACR was removed from each well and MTT (0.5 mg/mL) was added and incubated at 37 °C
under 5% CO, for 3 h. After that time, MTT was removed, and formazan crystals were solubilized
by adding DMSO. Absorbance was measured at 550 nm with a reference filter of 620 nm, using a
BioTek Cytation Hybrid Multimode Reader (Agilent Technologies International Pvt. Ltd., Manesar,
India)

Cytotoxicity and half maximal inhibitory concentration (ICs)

The absorbance/ fluorescence of the control sample (untreated cells) represented 100% cell viability.

Cell viability (%) was calculated as follows:

sample OD or fluorescence

% 100 %

control OD or fluorescence
and cytotoxicity (%) was determined as 100 of cell viability (%). The results are presented as mean
+ standard deviation (SD). Experiments were conducted with the same cell population. The 1Csy was
determined from curves based on the reported method (47).
Measurement of reactive oxygen species (ROS)
The intracellular ROS formation was measured using 2’,7'-dichlorofuorescin diacetate (DCFH-DA).
Treatment of cells with ACR and AA-ACR for 24 h was provided based on the suitable concentrations
identified via the MTT assay. The cultured cells were washed with PBS, and incubated with DCFH-
DA, at a final concentration of 5 uM for an additional 20 min at 37 °C in the dark. The positive control

contained 4 mM H,0,, and negative control comprised cell without any treatment. The cells that were

12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo00301f

Page 13 of 44 Food & Function

stained with DCFH-DA were separated from the medium by centrifugation for 1 min at 500 x g

. . . . DOI 10.1@%/‘96/%2288(?;8?
Removal of additional DCFH-DA from the medium was achieved by washing the cells twice using

PBS. The fluorescence intensity of the cell suspensions was measured by flow cytometry and the
results were analyzed by software FlowJo (48). The results were expressed as fluorescence intensity
per 10* cells. Confocal Microscopy was performed to observe the ROS generation in the cells.

Cell cycle distribution using flow cytometry

The HCT-15 and Caco-2 cells were trypsinized, fixed with ice-cold ethanol (70%), and centrifuged
at 3000 x g for 5 min. After washing with ice-cold PBS, the pellets were re-distributed in FxCycle™
PI/RNase staining solution (Thermo Fischer Scientific, catalog no. F10797). The HCT-15 and Caco-
2 were incubated for 20 min at room temperature, directly used for flow cytometry. The percentage
of G0/G1, S and G2 phases of the cells were assessed based on reported method (49).

Assessment of apoptosis and necrosis

Apoptosis and necrosis in cells were measured using the Membrane Permeability/ Dead Cell
Apoptosis Kit (Thermo Fisher Scientific catalogue no. V13243), along with YO-PRO-1 iodide and

PI for flow cytometry. Cell apoptosis was induced during sample preparations by the addition of ACR

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

or amino acid-ACR adducts. For the positive control, 1 uL of 4 mM of H,O, (4 uM in final

concentration) was added to one sterile centrifuge tube (1.5 mL) containing 1 mL warm cell culture
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medium (~37 °C) for 20 min. All the samples were washed by addition of 2 mL of warm PBS (~37

(ec)

°C) to each tube followed by centrifugation at 400 x g for 5 min at 25 °C. The supernatant was
removed, and cell pellet was re-suspended in 300 pL of fresh cell culture medium (~37 °C). Flow
cytometry and confocal microscopy on the at least 3 replicates of samples were performed
immediately thereafter. Viable, early apoptotic, late apoptotic and necrotic cells were counted using
the manufacturer’s instructions. The HCT-15 and Caco-2 cells were analysed for the percentage of
live, apoptotic, and necrotic cells.

Measurement of mitochondrial membrane potential collapse
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Mitochondrial membrane potential was monitored by using the JC-1 dye staining method. The cells
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were seeded on a cell culture flask, cultured in the warm culture medium and maintained at 37
with 5% CO, exposure. The culture medium was changed every alternate day until the cells reached
70-80% confluency. Briefly, the medium was removed from culture vessel by aspiration and then
sufficient trypsin or trypsin/EDTA solution was dispensed into culture vessel(s) to cover the
monolayer of cells completely, followed by incubation at 37 °C for ~6 min. The trypsin or
trypsin/EDTA solution was removed and added to sterile centrifuge tube (15 mL) containing an equal
volume of warm cell culture medium (~37 °C), followed by centrifugation at 125 x g for 7 min at 25
°C. The medium was removed by aspiration, the cells were washed by addition of 2 mL of warm PBS
(~37 °C) to each tube, and centrifuged at 400 x g for 5 min at 25 °C. After removal of the supernatant,
the cell pellet was suspended again in 1 mL of fresh cell culture medium or PBS (~37 °C). The JC-1
dye (2 uM in final concentration) was added and cells were incubated at 37 °C, 5% CO, for 15-30
min. For confocal fluorescence microscopy, absorption/emission wavelengths of 510/ 527 nm for the
green monomeric form and 585/ 590 nm for the aggregate red form were used (50). The red to green
fluorescence intensity ratio is only dependent on the membrane potential and is not affected by other
parameters such as shape, mitochondrial size and density. Fluorescent dye accumulation in
mitochondria was optically detected by flow cytometry and confocal microscopy (51).
Measurement of autophagy and autophagic marker across the cell cycle stages

Measurement of autophagy was performed using an Autophagy Assay Kit (Catalogue no. MAK138,
Sigma Aldrich, Bengaluru, India) following the manufacturer’s instructions. The kit provides a
simple procedure for measuring autophagy using a proprietary fluorescent autophagosome marker
(Aex = 333/herm = 518 nm). The HCT-15 and Caco-2 cells were seeded ~1x10* in 96-well flat bottom
black plate with clear bottom. The cells were treated with ACR (ICsp), Rapamycin (200 nM),
Bafilomycin A1 (100 nM), Lys-ACR, Gly-ACR, Met-ACR and Cys-ACR, prior to staining with the
dye in the kit. The manufacturer instructions were followed for staining and washing steps.

Fluorescence intensity measurements were made using a plate reader.

14


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo00301f

Page 15 of 44 Food & Function

Primary antibodies used for analysing autophagy marker was LC3B (Novus Biologicals, NBP2-

. . . DOl 10.1055/%2?88(%%2?
46892) at the concentration of 1:500. The cells were incubated with secondary antibody Alexa-

flourTM 568 goat anti-rabbit (H+L) (ThermoFischer Scientific-A11011) or Alexa-FlourTM 488 goat
anti-mouse IgG (ThermoFischer Scientific-A11001) at a dilution of 1:200. To monitor autophagy
across the cell cycle using flow cytometry, cells were cultured in 60 mm dishes, with different extracts
as described in above sections and one well untreated. After treatment, cells were harvested through
trypsinization and centrifuged for 5 min at 200 x g. The pelleted cells were washed with PBS and
resuspended in 200 pL of permeabilization buffer. Permeabilization was expected to selectively
release the unbound LC3-I protein while retaining the autophagosome-bound LC3-II. The cells were
centrifuged at 1000 x g for 5 min, washed with PBS, and then fixed by resuspending in 4%
formaldehyde solution for 20 min. Following fixation, the cells were centrifuged and washed with
PBS. Staining with a primary anti-LC3 antibody (diluted 1:500 in 2% BSA in PBS) was performed
for 30 min to label autophagosomes, followed by washing and staining with a secondary Alexa Fluor
488-conjugated antibody. Finally, 5 pg/mL of propidium iodide and 200 png/mL of RNase A were

added followed by incubation for 30 min at room temperature. Samples were analyzed on a flow

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

cytometer, detecting fluorescence signals for LC3-II (Alexa Fluor/FITC) and DNA content

(propidium Iodide) to determine autophagosome levels across different cell cycle phases (G0/G1, S,
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G2/M).

(ec)

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 7.00 (GraphPad Software, San
Diego, CA, USA). All the experiments were performed three times. The results were expressed as
mean + standard deviation (SD) and statistically analysed by a one-way ANOVA followed by

Tukey’s post hoc test to compare all the groups. P < 0.05 was considered statistically significant.
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Results and Discussion
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Scavenging capacity of amino acids for acrylamide

A few amino acids have been previously reported to form adducts with ACR (39,40,42,56,57).
Considering the variability in conditions deployed in such reports and the absence of studies that
systematically investigate amino acids, we first screened the ability of seven different amino acids to
scavenge ACR. The reaction products between these amino acids and ACR were analysed by HPLC
followed by ESI-MS. Reaction of ACR with four amino acids, lysine, glycine, cysteine and
methionine, resulted in measurable decrease in the HPLC peak of ACR and was accompanied by the
emergence of new peaks (Figure S1). The reaction products of ACR with these four amino acids were
subjected to ESI-MS, and distinctive m/z peaks corresponding to the respective AA-ACR adducts
were observed in each case (Figure S2). The most abundant ion observed for the lysine + ACR
reaction was observed at m/z 289 and is attributed to the conjugation of the a-NH, and &-NH,; of
lysine with two ACR molecules. Similarly, the most abundant ion for the product of cysteine + ACR
reaction was observed at m/z 264 and can be attributed to the successful conjugation of the side chain
-SH and a-NH; on cysteine with two ACR moieties (39,40,42,56). The initial screening demonstrated
the ability of amino acids Lys, Gly, Cys and Met to form adducts with ACR, albeit to differing extents.
Factors that are likely to directly influence AA-ACR adduct formation include the concentration of
reagents, temperature of the reaction, duration of incubation and pH of the reaction medium. Previous
reports on AA-ACR product formation do not provide a systematic assessment of the influencing
parameters. Thus, we next sought to experimentally identify suitable reaction parameters for product
formation between the four amino acids and ACR. Reactions between ACR and each of the amino
acids were performed with variations in amino acid concentration, temperature and duration of
incubation, and the amount of ACR remaining was estimated via HPLC in each case (Figure S3 &
S4, see Supporting Information). Based on these experiments, the optimum conditions for AA-ACR

adduct formation were identified and are listed in Table S1. The greater proportion of amino acids
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versus ACR required for product formation reflect the nature of adducts formed and the differences

View Article Online
. Lo . . DOI: 10.1039/D5FO00301F
in reactivities among the amino acids.

Since the objective of our present work was to investigate the in cellulo effects of AA-ACR adducts,
an investigation into the differences in reactivities of the amino acids towards ACR will be reported
separately. The ACR adducts of lysine, glycine, cysteine and methionine were purified as described
in the Experimental and characterized by ESI-MS. The ESI-MS of purified Lys-ACR, Gly-ACR,
Cys-ACR and Met-ACR showed prominent m/z peaks at 289.1, 218.1, 264.0 and 221.1, respectively
(Figure 1). MS/MS was conducted on these precursor ions for each AA-ACR, and the resulting
fragment ions were observed (Figure S5). The fragment ions observed for Lys-ACR included m/z
142.0, 114.0 and 97.92, which correspond to loss of the lysine side chain and putative ring formation
(Table S4) (56). The fragment ions observed for Gly-ACR included m/z 129.83, 100.92, 87.83, and
71.83, which correspond to sequential losses within the glycine-acrylamide structure (57,58). While
MS/MS of Cys-ACR and Met-ACR has not been analysed previously, fragmentation in the proximity
of sulfur is responsible for peaks observed at 103.83 and 90.83, respectively. For each of the AA-

ACR adducts, a combination of the m/z peaks and the MS/MS results support the adduct structures

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

shown in Figure S6.
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The acrylamide-amino acid adducts are formed via Michael-type addition, where specific

(ec)

nucleophiles on the amino acids react with the a,p-unsaturated carbonyl group of acrylamide (Figure
S7). Cysteine reacts via its thiol (-SH) group, while lysine and glycine react through their amine (-
NH;) groups. The differences in nucleophilic strength and steric effects influence the reaction rates.
To compare the kinetics of acrylamide-amino acid product formation, we conducted kinetic assays
using the amino acids (lysine, glycine, cysteine, and methionine) with acrylamide under controlled

reaction conditions (Figure S8).
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Figure 1. ESI-MS of purified ACR adducts of (a) Lys, (b) Gly, (c) Cys, and (d) Met.

The reaction rates were determined by monitoring the depletion of amino groups (via 2,4,6-
trinitrobenzenesulfonic acid (TNBSA) assay and sulthydryl groups (via 5,5'-dithio-bis(2-
nitrobenzoic acid)) (DTNB) assay over time, and pseudo first-order rate constants (Kobs) were
calculated for each amino acid. Our results indicate that the kinetics of acrylamide-amino acid product
formation varies depending on the nucleophilicity of the amino acid. Cysteine exhibited the highest
reaction rate with acrylamide, followed by methionine, lysine, and glycine. The activation energy
(Ea) values calculated from the Arrhenius plot further support this trend (Figure S9). The lower Ea

of cysteine corresponds with a higher acrylamide scavenging efficiency.

Acrylamide content in potato tubers

The doses of acrylamide employed in our experiments were carefully selected to align with realistic
dietary exposure levels. We evaluated the acrylamide concentrations in untreated potato samples and
have included these assessments in Table 1. The acrylamide levels in fresh potatoes and frozen
potatoes were estimated to be 2302 pg/kg and 2520 pg/kg, respectively. These amounts are consistent

with levels reported in fried or processed potato products, as documented by EFSA (2015). Next, to
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establish physiological relevance, we calculated the potential acrylamide concentrations in the human

View Article Online
. . . DOI: 10.1039/D5FO00301F
gut lumen based on typical dietary consumption.

Consumption of 150 g of fried potato containing 2.5 mg acrylamide/kg results in an intake of
approximately 375 pg of acrylamide. Assuming a gut fluid volume of ~1 L, this corresponds to a
luminal concentration of 0.375 mg/L (375 pg/L), which is within the concentration range tested in
our study. This calculation reflects realistic exposure scenarios to the acrylamide concentrations used
in the present work. Direct data on acrylamide adduct concentrations is scarce. Post in vitro digestion
of the fresh and frozen potatoes, the acrylamide levels were estimated as 2302 pg/kg and 2520 pg/kg,
respectively. The in vitro digestion step simulates a physiologically relevant digestion event on the
consumed potato products. These measures are consistent with EFSA-reported acrylamide levels in
processed potato products (100-4000 pg/kg). The estimated dietary intake of acrylamide from fried
and baked potato products (up to 1 pg/kg body weight/day, EFSA 2015) translates to a total intake
of 70 pg/day for a 70 kg individual. This corresponds to consuming approximately 30 g of untreated
fresh potatoes or 28 g of untreated frozen potatoes in our study, which is realistic given typical portion

sizes of fries or chips.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Table 1. Acrylamide concentrations (pg/kg) in selected potato samples in response to In-vitro
digestion method.

(ec)

Sample system Acrylamide (ng/kg) Acrylamide (png/kg)
concentration before | concentration after In-
In-vitro digestion vitro digestion

Control fresh Potato 2302 £231.1 2703 +£331.6
Lysine treated fresh potato 528 +£102.4 634 +120.3

Glycine treated fresh potato 1138 +£140.3 1688 £ 150.2
Cysteine treated fresh potato 40.2+134 66.2+12.4
Methionine treated fresh 788 £16.2 705 £26.2

potato
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Control frozen potato 2520+ 132.2 2889 £ 132.2 Vlew Article Online
BOt-16-1639/D5FO00301F
Lysine treated frozen potato 645+ 16.7 643 + 1.7
Glycine treated frozen potato 1695+ 143.4 1705 £13.7
Cysteine treated frozen 553+ 14.6 563+ 18
potato
Methionine treated frozen 890 +45.3 945 £27.3
potato

Further, the acrylamide concentration in potatoes post-treatment with amino acid cysteine is 40.2
ng/kg and 66.2 pg/kg, respectively, with and without in vitro digestion of samples. The amino acid
treatment is thus capable of lowering the level of acrylamide to well below the lower limit of EFSA-
reported range for processed foods. Even with a 150 g serving, the resulting acrylamide intake would
be only 6 pg (40.2 ng/kg x 0.15 kg), far below the 70 pg/day estimated dietary intake for a 70 kg
individual (1 pg/kg body weight/day, EFSA 2015). Similarly, lysine-treated fresh potatoes reduced
acrylamide levels to 528 pg/kg, comparable to levels found in less or moderately processed foods.
These results highlight the potential for amino acid treatments to lower acrylamide exposure to
physiologically relevant and safe levels while maintaining dietary relevance.

Effect of amino acid-acrylamide adducts on viability of HCT-15 and Caco-2 Cells

We first investigated the effect of AA-ACR adducts on the viability of two different human cell lines,
HCT-15 and Caco-2, via MTT assay. Challenges in culturing and consistency in performance of
normal large or small intestinal cell lines precludes their use as effective models. HCT-15 cells are a
viable model for studying toxicity of ACR considering the absorption of the latter in the
gastrointestinal tract and the origin of HCT-15 from human colon adenocarcinoma. HCT-15 is widely
used in cancer research as for studying various aspects colon cancer biology, including tumour
growth, invasion, metastasis, and drug resistance. The cell line is suitable for comparative analysis of
ACR with ACR-adducts thereby helping in the holistic /n cellulo evaluation of the adducts. The Caco-

2 cell line, derived from human colon adenocarcinoma, is extensively used in biomedical research
20
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for studying intestinal absorption, drug transport, and metabolism. These cells spontaneously

View Article Online
. . . . . . . . . . DOI: 10.1039/D5FO00301F
differentiate into enterocyte-like cells, forming tight junctions and expressing various enzymes and

transporters characteristic of the intestinal epithelium. Considering the absorption of ACR in the
gastrointestinal tract, Caco-2 cells provide a relevant and effective system for investigating ACR
toxicological effects and its comparative study with the effects of AA-ACR adducts. HCT-15 and
Caco-2 cells are especially suited for assessing the cellular toxicity of AA-ACR adducts vis-a-vis
ACR based on their relevance to human colorectal cells, which are among the primary targets for

ACR exposure through diet.

In this work, we sought to focus on the acute cellular responses to acrylamide toxicity and the
mitigating effects of amino acid treatments from a mechanistic perspective. These responses are well-
characterized in proliferative, undifferentiated Caco-2 cells, which provide a suitable model to
investigate pathways of interest (59) Notably, the undifferentiated state of Caco-2 cells enabled an
examination of the direct effects of acrylamide and its derivatives on cellular metabolism, oxidative
stress, and other early-stage toxicological endpoints, which are less prominent or altered in fully

differentiated cells (60)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

As shown in Figure 2, ACR did not perturb the viability of HCT-15 and Caco-2 cells up to
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concentrations of 2 mM and 1 mM, respectively. ACR exerted dose-dependent decrease in cell

(ec)

viability above these concentrations, with ICsy of 3.40 mM and 3.78 mM in HCT-15 and Caco-2,
respectively. Our observed cytotoxic effects of ACR on HCT-15 and Caco-2 cells is consistent with
previous reports (51, 61-63). The cytotoxic and anti-proliferative activity of ACR has been
demonstrated for several cancer and normal cell lines (51, 64-70). Notably, the adducts of Lys, Cys,

Gly and Met with ACR showed no toxic effects on the HCT-15 and Caco-2 cells.
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Figure 2. Comparison of cytotoxicity of ACR and AA-ACR adducts evaluated by MTT assay on (A) HCT-
15, and (B) Caco-2 cells. The cells were treated with different AA-ACR adducts and acrylamide for 24 h. All
the data points were considered significant for p < 0.05.

Based on our observations in Figures 2A and 2B, the cellular viability, as inferred from the MTT

assay, shows a concentration-dependent decrease in the range of 0.5-2.5 mM ACR, with a more

pronounced reduction at 2.5 mM. This pattern of change in cellular viability is consistent with
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previous reports (51). This leaves the initial apparent increase in cellular viability between the

View Article Online
. . . DOI: 10.1039/D5FQ00301F
absence of ACR and exposure to 0.5 mM ACR as a surprising observation, albeit one deserving

explanation. The MTT assay used to investigate the effect of AA-ACR (and ACR) on HCT-15 and
Caco-2 cells is really a sensitive assay measuring the relative metabolic activity inside cells (71).
Interestingly, antioxidant enzymes in the gastrointestinal cell lines such as Caco-2, have been reported
to show a small but statistically significant increase in activity after confluence (72). Thus, at low
ACR concentrations (<2.0 mM) it is likely that the cells experience a slight increase in metabolic
activity compared to the absence of treatment. This slight increase in metabolic activity is captured
by the MTT assay and appears to indicate a greater cellular viability at the low concentrations of ACR
exposure. Interestingly, the AA-ACR adducts were successful in not only retaining the viability of
cells but also encouraging cell growth in some instances. Several mechanisms have been implicated
in the harmful cellular effects of ACR, including the interference with kinesin proteins, the disruption
of spindle formation during cell division thereby inhibiting cell proliferation, and initiating ROS
formation by disrupting mitochondrial function (64, 73-75). The relation between ACR-induced

toxicity and oxidative stress has been reported previously (50). Our results indicate the AA-ACR

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

adduct formation as an effective strategy for removing the cytotoxic effects of ACR.
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In cellulo ROS formation upon treatment with AA-ACR adducts
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ACR-induced ROS formation has been identified as a key contributor to oxidative stress. ACR
depletes reduced glutathione, leading to excessive ROS accumulation, which disrupts cellular redox
homeostasis and contributes to oxidative damage (73-75). Additionally, ACR activates MAPK

signalling, further promoting ROS generation and apoptosis (73).
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Figure 3. Effect of ACR and AA-ACR adducts towards ROS accumulation in HCT-15 cells, assessed via (A)
flow cytometric quantification of DCHF-DA, B) comparison of fluorescence intensity of DCHF-DA, (C)
confocal microscopy: I) Negative Control II) Positive control, III) ACR, IV) Lys-ACR V) Gly-ACR VI) Cys-
ACR, VII) Met-ACR, and D) quantification of DCHF-DA fluorescence. ACR was used at 3.40 mM and
positive control (H,0,) at 4 mM. All values are expressed as the mean + SD (n = 3). Alphabets on bar graphs
indicate significant differences (P < 0.05) among different treatment groups.

We investigated the oxidative stress in HCT-15 and Caco-2 cells upon treatment with ACR and the
AA-ACR adducts, via flow cytometry and confocal fluorescence microscopy using DCHF-DA.
DCFH-DA is hydrolysed inside cells to the nonfluorescent DCFH via action of intracellular esterase,
which in the presence of ROS can be rapidly oxidized to the highly fluorescent 2,7-
dichlorofluorescein (DCF). Exposure of HCT-15 and Caco-2 cells to ACR and AA-ACR adducts

were compared alongside the positive control containing 4 mM H,0, and negative control comprising
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cells without any treatment. As shown in Figure 3, exposure of HCT-15 cells to ACR led to
L . . DOI 10.10%/‘96/%2288(?;8?
substantive increase in ROS levels, comparable to the H,O, positive control.
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Figure 4. Effect of ACR and AA-ACR adducts towards ROS accumulation in Caco-2 cells, assessed via (A)
flow cytometric quantification of DCHF-DA, B) comparison of fluorescence intensity of DCHF-DA, (C)
confocal microscopy: I) Negative Control II) Positive control, III) ACR, IV) Lys-ACR V) Gly-ACR VI) Cys-
ACR, VII) Met-ACR, and D) quantification of DCHF-DA fluorescence. ACR was used at 3.78 mM and
positive control (H,O,) at 4 mM. All values are expressed as the mean = SD (n = 3). Alphabets on bar graphs
indicate significant differences (P < 0.05) among different treatment groups.

Treatment with all the AA-ACR adducts resulted in significant reduction in ROS formation in HCT-
15. While few amino acids have been reported for their ability to scavenge ACR, to the best of our

knowledge there are no reports on the cellular effects of the resulting adducts (39, 40, 42, 61, 62).
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The difference in ROS production in Caco-2 cells, upon exposure to ACR and AA-ACR adducts, was
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more remarkable compared that observed in HCT-15 cells. As shown in Figure 4, the behaviour of
AA-ACR adduct treatment were akin to the negative control, as reported by both flow cytometry and
confocal microscopy. On a related note, amino acids have been investigated for their ability to
scavenge acrolein and formaldehyde. The cytotoxicity of the products of such reactions varied in
gastric epithelial and human intestinal epithelial cells and indicated the need for further evaluation of
the strategy (76, 77). The uniform absence of cytotoxic effects of all the AA-ACR adducts observed
in our experiments, and the significant reduction in the in cellulo ROS formation accompanying their
use across two different cell types, highlight the efficacy of sequestering ACR as AA-ACR adducts

towards preventing the deleterious effects of ACR.

Effects of acrylamide and amino acid-acrylamide adducts on cell cycle distribution

Cell populations experiencing stress are known to accumulate in the G1 phase (78). The arrest of cell
cycle in G1 suggests extensive or irreparable DNA damage triggering prolonged checkpoint
activation. This can lead to a cascade of stress responses that hinders normal cell proliferation and

tissue regeneration, thereby disrupting healthy tissue homeostasis (79).

Flow cytometric data of cell cycle distribution of HCT-15 (Figure 5) and Caco-2 (Figure 6) cells
showed that exposure to ACR and H,0, induced accumulation of populations in the G1 phase (63).
While the disruptive effect of ACR on cell cycle distribution has been studied previously, there are

no previous studies for AA-ACR adducts (63, 80, 81).

In the negative control group for HCT-15 cells, nearly 30.6% of the cell population were in G1, 34.6%
in S, and 14% in G2M. Exposure to ACR resulted in an increase in G1 population to 43%, with 20.3%
in S phase and 6.81% in G2M phase (Figure 5). These populations are comparable to the ones
observed upon exposure of cells to positive control H,O,. In contrast, exposure of HCT-15 cells to

ACR adducts of lysine, cysteine, glycine and methionine resulted in cell populations that were
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comparable to the negative control. Notably, treatment of HCT-15 cells with the Gly-ACR adduct

View Article Online

. DOI: 10.1039/D5FO00301F
appears to induce greater entry of treated cells to the S phase compared to the other adducts (82).
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Figure 5. Effect of ACR and AA-ACR adducts on cell cycle distribution of HCT-15 cells. A) Negative
Control, B) Positive control, C) ACR, D) Lys-ACR, E) Gly-ACR, F) Cys-ACR, G) Met-ACR and H) Bar
graph showing cell cycle distribution for different phases for different AA-ACR adducts. All values are
expressed as the mean + SD (n = 3). Alphabets on bar graphs indicate significant differences (P < 0.05) among

different treatment groups.
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For Caco-2 cells, the negative control group had 50.5 % of the cell population in G1, 40.0 % in S
. DOI: 10.10!58/%22518(303%;:

phase and 11.3 % in G2M phase (Figure 6). Exposure to ACR resulted in an increase in G1 population

to 68.3%. Analogous to HCT-15 cells, exposure of Caco-2 cells to ACR adducts of amino acids

resulted in cell populations that were comparable to the negative control. These results further support

the ability of AAs to contain the harmful effects of ACR via adduct formation.
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Figure 6. Effect of ACR and AA-ACR adducts on cell cycle distribution of Caco-2 cells. A) Negative Control,
B) Positive control, C) ACR, D) Lys-ACR, E) Gly-ACR, F) Cys-ACR, G) Met-ACR and H) Bar graph
showing cell cycle distribution for different phases for different AA-ACR adducts. All values are expressed as
the mean + SD (n = 3). Alphabets on bar graphs indicate significant differences (P < 0.05) among different

treatment groups.

28


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo00301f

Page 29 of 44 Food & Function

Apoptosis and necrosis upon exposure of cells to acrylamide and amino acid-acrylamide

View Article Online
addHCts DOI: 10.1039/D5FO00301F

We next assessed the effect of ACR and amino acid-ACR adducts on induction of apoptosis and
necrosis in HCT-15 and Caco-2 cells, via YO-PRO-Iodide-1/PI-staining followed by flow cytometry.
The method relies on YO-PRO-Iodide-1 which is green-fluorescent, cell-impermeant nucleic acid
stain that can be used to stain dead or fixed cells and PI staining of DNA of necrotic or late-stage

apoptotic cells (51,63).
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Figure 7. Flow cytometric evaluation of Apoptosis and Necrosis in HCT-15 cells. A) Negative control, B)
Positive Control (H,0,), C) ACR, D) Lys-ACR, E) Gly-ACR, F) Cys-ACR, G) Met-ACR, and H)
quantification indicating the % Live cells in respective treated samples. The lower left square (Q4) shows the
percentage of live cells with FITC- and PI-. The lower right square (Q3) shows the percentage of early
apoptotic cells with FITC + and PI-, the upper right square (Q2) displays the percentage of late apoptotic cells
with FITC + and PI +, and the top left square (Q1) shows necrotic cells with FITC- and PI +. All values are
expressed as the mean + SD (n = 3). Alphabets on bar graphs indicate significant differences (P < 0.05) among
different treatment groups.
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ACR is known to induce oxidative stress by depleting reduced glutathione (GSH) and altering
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antioxidant enzyme activities, such as increasing superoxide dismutase (SOD) ac‘tiViD‘S/I (50, 70, 83,
84). The excessive accumulation of ROS can trigger cellular damage and activate signalling pathways
that regulate apoptosis. One such pathway involves mitogen-activated protein kinases (MAPKS),
including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38.
These play crucial roles in apoptosis regulation by modulating pro-apoptotic and anti-apoptotic
proteins (85). Exposure to ACR has been reported to increase phosphorylation of p53, a key tumour
suppressor protein involved in the intrinsic apoptotic pathway. The phosphorylation of p53 leads to
mitochondrial dysfunction, cytochrome c release, and activation of caspase-9 and caspase-3,
ultimately resulting in cell death (86, 87). Additionally, ACR-induced ROS generation can upregulate
Bax, a pro-apoptotic member of the Bcl-2 family, while down-regulating Bcl-2, further promoting
mitochondrial-mediated apoptosis. ACR-induced apoptosis is primarily mediated through oxidative
stress-driven activation of MAPK and p53-dependent pathways, contributing to cellular dysfunction

and cytotoxicity.

As shown in Figure 7, the percentage of live HCT-15 cells in the ACR-treated group displayed a
significant reduction to 72.4% compared to the negative control (97.9%). The ACR- treated cells also
display significant increase in population of late apoptotic cells, and small but definitive increase in
necrotic cells that are comparable to the positive control (H,0O, treatment).

All the AA-ACR treated cells showed between 97-99% live cells highlighting their non-toxic effect
on HCT-15 cells. Analogous results were obtained for Caco-2 cells with the ACR-treated cells
displaying reduced live cell count (79.8%) and a substantial rise in late apoptotic cell count compared
to the negative control (Figure 8). Once again, all the AA-ACR adducts resulted in similar level of
live Caco-2 cells compared to the negative control, clearly indicating the stability of the AA-ACR

adducts that facilitate blocking of stress-induction by ACR.
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apoptotic cells with FITC + and PI-, the upper right square (Q2) displays the percentage of late apoptotic cells
with FITC + and PI +, and the top left square (Q1) shows necrotic cells with FITC- and PI +. All values are
expressed as the mean + SD (n = 3). Alphabets on bar graphs indicate significant differences (P < 0.05) among
different treatment groups.
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Effect of amino acid-acrylamide adducts on mitochondrial membrane potential

Apoptosis is accompanied by several major events in mitochondria of which the most significant is
loss of mitochondrial transmembrane potential (40). ACR-induced oxidative stress has been shown
to regulate mitochondrial dysfunction and contribute to neurotoxicity (73, 74). The accumulation of
mtROS, which is primarily generated at mitochondrial respiratory chain complexes I and III, severely

impairs electron transport chain, disrupting mitochondrial respiration and depolarization the
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mitochondrial membrane potential (67, 88, 89). We evaluated changes in the mitochondrial
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membrane potential upon treatment of HCT-15 and Caco-2 cells with ACR and AA-ACR adducts
using the JC-1 staining method. The method relies on the ability of the JC-1 dye (5,5,6,6’-tetrachloro-
1,17,3,3’-tetraethylbenzimi-dazoylcarbocyanine iodide) to enter healthy cells and accumulate into J
aggregates inside the mitochondria. The concentration dependent formation of J-aggregates inside
mitochondria by JC-1 results in a red shift in their fluorescence emission with a maximum at ~590
nm. In contrast, in unhealthy cells the JC-1 dye enters mitochondria to a significantly lesser degree
due to loss of electrochemical potential and the consequent membrane depolarization. The inability
of the JC-1 dye to reach a sufficient concentration to trigger the formation of J aggregates results in
retention of its typical green fluorescence. The red/green fluorescence ratio of JC-1 in the
mitochondria provides a direct assessment of the state of mitochondrial membrane polarization. A
higher membrane potential will result in higher ratio while loss of membrane potential results in a
reduction in the red to green fluorescence ratio. We exposed HCT-15 and Caco-2 cells to ACR, AA-
ACRs and H,0, for 20 min and followed by administration of JC-1 in all the samples. For HCT-15
cells, exposure to ACR resulted in green fluorescence of JC-1 like that observed for the H,O, positive
control (Figure 9).

Exposure of HCT-15 cells to Lys-ACR and Cys-ACR adducts resulted in intense red fluorescence
and nearly complete absence of green fluorescence, suggesting a normal mitochondrial membrane
polarization. Exposure to Gly-ACR and Met-ACR adducts resulted in only slightly lower red
fluorescence than that observed with the Lys-ACR and Cys-ACR. Although some green fluorescence
was evident upon treatment with these adducts, the loss of membrane polarization is significantly
weaker compared to the ACR-treated cells. While analogous results were observed for Caco-2 cells,
two aspects are worth noting. First, a sharper difference is observed between the ACR and AA-ACR

adduct treated cells in terms of the relative intensity of the green and red fluorescence (Figure 10).
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Figure 9. Effect of ACR and AA-ACR adducts on mitochondrial damage in HCT-15 cells assessed by JC-1
dye staining. For confocal laser scanning microscopy, the monomer and J-aggregate forms are excited
simultaneously by 488 nm argon-ion laser sources. The J-aggregate form is excited selectively using the 568
nm argon-krypton laser line. All values are expressed as the mean £ SD (n = 3). Alphabets on bar graphs
indicate significant differences (P < 0.05) among different treatment groups.

In other words, the Caco-2 cells manifest the loss of mitochondrial membrane potential better than
the HCT-15 cells. Second, the AA-ACR adducts display a similar pattern of effects across the HCT-
15 and Caco-2 cells. While the Lys-ACR and Cys-ACR treatment results in high red fluorescence in
both cell types, the Gly-ACR is least effective in facilitating normal mitochondrial membrane
potential. Several studies have previously described the disruptions in mitochondrial structure and
function by ACR. However, there is a dearth of literature on chemical sequestration of ACR

preventing the deleterious effects towards mitochondrial membrane polarization. The present results
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support the ability of all the AAs to block the ACR-induced disruption of mitochondrial membrane

View Article Online
L . . . . . . . DOI: 10.1039/D5FO00301F
polarization, while suggesting nuances in their relative effects possibly due to differences in uptake

and stability of the respective AA-ACR adducts.
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Figure 10. Effect of ACR and AA-ACR adducts on mitochondrial damage in Caco-2 cells. For confocal laser
scanning microscopy, the monomer and J-aggregate forms are excited simultaneously by 488 nm argon-ion
laser sources. The J-aggregate form is excited selectively using the 568 nm argon-krypton laser line. All values
are expressed as the mean + SD (n = 3). Alphabets on bar graphs indicate significant differences (P < 0.05)
among different treatment groups.

Effect of acrylamide and amino acid-acrylamide adducts on autophagy induction
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Autophagy is a well-studied outcome of ACR-induced hepatoxicity and corresponds to the process

View Article Online
. L . DOI: 10.1039/D5FQ00301F
of wrapping damaged organelles and proteins in the cytoplasm in a double-membrane structure called

the autophagosome (90-92). The autophagosomes fuse with free lysosomes to form autolysosomes
in the cytoplasm, which are degraded and induce new autophagy (93). We used an Autophagy Assay
Kit as described in the Experimental for comparing the results of treatment of HCT-15 and Caco-2
cells with ACR and amino acid-ACR adducts, with the autophagy inducer Rapamycin and the
autophagy inhibitor Bafilomycin Al. As shown in Figure 11, Rapamycin treatment resulted in
increased autophagic activity, as indicated by a nearly 1.5-fold increase in fluorescence intensity
compared to the negative control. Treatment with Bafilomycin Al resulted in nearly 1.6-fold and 1-
fold increase in fluorescence intensity for Caco-2 and HCT-15 cells (Figure 11). Bafilomycin Al is
expected to inhibit the fusion of autophagosomes with lysosomes. The resulting accumulation of
autophagosomes without their degradation is likely to result in increased fluorescence intensity. This
increase is due to the blockade of autophagic flux in contrast to enhanced autophagic activity as
observed upon treatment with Rapamycin. Notably, treatment with Lys-ACR and Gly-ACR adducts

resulted in fluorescence intensity that is at par with the negative control, suggesting negligible

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

autophagic flux. Cys-ACR and Met-ACR treatment resulted in slightly greater fluorescence intensity

compared to the negative control. Nevertheless, the autophagic flux in these cases was significantly

Open Access Article. Published on 27 May 2025. Downloaded on 6/1/2025 4:59:19 AM.

lower compared to the positive control and upon treatment with ACR. These results clearly indicate

(ec)

the conversion of ACR into AA-ACR adducts as an effective strategy for preventing induction of

autophagy.

Further, the assessment of autophagosome formation across cell cycle stages allowed the quantitative
measurement of LC3-II levels in correlation with DNA content, providing a dynamic and cell-cycle-
resolved perspective on autophagic activity. This choice of experiment for additional validation was
based on the ability of FACS to provide single-cell resolution analysis allowing us to determine how
autophagy is regulated across distinct phases of the cell cycle. We were especially keen on probing

the interplay between autophagy and cell cycle regulation with respect to key regulators such as p53,
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p21, and cyclin D1. The tumour suppressor p53 plays a crucial role in modulating both cell cycle

. L DOJ: 1Q.1o%/§e/véggélggzng;§
arrest and autophagy in response to cellular stress. Activation of p53 can lead to upregulation of p21,

a cyclin-dependent kinase inhibitor that promotes G1 arrest, while also influencing cyclin D1, which
regulates G1/S transition. Given that autophagy can act as both a pro-survival and pro-death
mechanism depending on the context, the FACS-based analysis provides direct insight into how
autophagic activity varies throughout the cell cycle, which is essential for understanding the benefits
of sequestering ACR as AA-ACR adducts. Our results show that AA-ACR adduct-treated cells
exhibit an LC3-II staining pattern like the negative control, validating a reduction in acrylamide-
induced autophagy. ACR treatment results in significant elevation of LC3-II levels, indicative of
autophagic activation likely as a stress response. The observed differences further support the
hypothesis that AA-ACR adduct formation is a suitable approach for mitigating acrylamide-induced

cellular stress, leading to a more controlled autophagy response (Figure S10).
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Figure 11. Comparison of autophagy induction upon treatment of HCT-15 and Caco-2 cells with various
agents. All values are expressed as the mean £ SD (n = 3). Alphabets on bar graphs indicate significant
differences (P < 0.05) among different treatment groups.
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Conclusion

The formation of ACR in thermally processed foods poses health risks based on its potential
carcinogenic behaviour and the unfettered increase in consumption of such products. The Maillard
reaction responsible for ACR formation is suppressed in food products containing high proportion of
proteins. Foods that are rich in sulphur containing amino acids also result in moderation of ACR
levels. In this context, individual amino acids have been examined for their ability to enter a Michael-
type addition reaction with ACR, thereby diverting the ACR from exerting harmful effects. Strategies
that lower the ACR content in foods prior to consumption are likely to be more effective considering
the facile absorption of ACR from the gastrointestinal tract and distribution to peripheral tissues. In
this work, we have addressed a gap in knowledge pertaining to the cellular response towards amino
acid-ACR adducts. We prepared ACR adducts of several amino acids and selected four AA-ACR
adducts based on their ease of product formation and yield of reactions, for the detailed investigation
of cellular response. Our results show that the ACR adducts of Lys, Gly, Cys and Met are stable and

are non-toxic towards HCT-19 and Caco-2 cells, especially at concentrations where bare ACR

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

displays significant cytotoxicity. The trapping of ACR as AA-ACR adducts effectively mitigates the

harmful cellular response associated with exposure to ACR, resulting in lower ROS generation in the
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intestinal cell lines, preventing accumulation of cells in the G1 phase, and preventing induction of
apoptosis and necrosis. The sequestration of ACR as AA-ACR adducts also prevents mitochondrial
membrane depolarization, and induction of autophagy. Modest differences in the cellular responses
observed across the ACR adducts of Lys, Gly, Cys and Met may originate from differences in uptake
behaviour. However, such differences are not significant compared to the adverse effects observed
upon treatment of the intestinal cells with ACR. The conversion of ACR into AA-ACR adducts is a
robust strategy for mitigating ACR toxicity based on prevention of the induction of oxidative stress
and ROS generation that would result from exposure to ACR. A clarification is necessary regarding

the attribution of observed effects throughout our work. The experimental design of our present work
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was not intended to (1) investigate the ability of AA-ACR adducts to directly counter ACR-induced
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cellular stress, or to (2) examine active cytoprotective effects of AA-ACR adducts. These objectives
require additional lines of experimentation, and should not be conflated with the present study.
Notably, previous efforts for reduction of acrylamide by use of amino acids have focused only on the
performance of single amino acids (94, 95). The dearth of quantitative reports on acrylamide
reduction upon use of multiple amino acids could be a reflection of the variability in optimum
conditions underlying adduct formation with acrylamide by different amino acids, and the complex
interplay of kinetics of such reactions. The substantive stress mitigating effects of AA-facilitated
ACR sequestration reported in the current work supports the application of multiple amino acids

towards the mitigation of ACR in foods, and are currently being pursued in our laboratory.
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