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Abstract

Aflatoxin M1 (AFM1) is a Group 1 carcinogen and thermostable contaminant of milk and dairy products that resists
degradation during conventional processing, including pasteurization and sterilization. Lactic acid bacteria (LAB) provide a
biological detoxification strategy through physical adsorption of AFM1 to cell wall components, though the reversibility of this
binding limits practical efficacy. Curcumin, a known polyphenol derived from turmeric, has also shown independent AFM1-
binding capacity in previous studies. This study investigates the molecular basis for a potential synergistic detoxification
mechanism in which curcumin enhances AFM1 binding to LAB surface proteins. Using CB-Dock2, molecular docking was
performed with AFM1 and curcumin against two structurally characterized surface proteins from Lactobacillus acidophilus:
40XD (LdcB LD-carboxypeptidase) and 7QFG (S-layer protein SlpA, domain III). AFM1 bound strongly to 40XD (AG = —
8.9 kcal/mol) and moderately to 7QFG (AG = —6.9 kcal/mol). Direct curcumin—AFM1 docking yielded a binding affinity of
AG = -7.7 kcal/mol. In the ternary 40XD-AFM1—curcumin complex, curcumin occupied a distinct, non-overlapping binding
pocket (AG = -7.6 kcal/mol) spatially separate from the AFM1 site. These findings provide the first molecular-level evidence
that curcumin can bind simultaneously with AFM1 to a LAB peptidoglycan-binding protein without competition, supporting a
novel synergistic detoxification model.
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AHHOTaLus

Adnarokcun M1 (A©M1), kaHieporeH rpymnmbl 1 ¥ TepMOCTaOMIBHBIA 3arpsi3HUTENTb MOJIOKA ¥ MOJIOUHBIX TIPOZAYKTOB,
YCTOMUMBBIN K flerpafialiil TIpU TPafMLIMOHHON NepepaboTKe, BK/IIOUas MacTepu3aliuio U CTepHIM3aLiuio. MooUHOKHUCIbIe
6akrepru (MKB) ripezcTaB/sitoT o060 6MOIOrMYeCcKy o CTPaTeruio JeTOKCUKALIUK 3a CUET pu3udeckod agcopbuyn APM1 Ha
KOMITOHEHTbI KJIETOUHOM CTEeHKH, OFHAKO O0paTMMOCTb [AHHOM CBSI3M OrpaHMUMBAaeT IPAKTHUECKYH 3(GeKTUBHOCTb.
KypKymuyH, U3BeCTHBIM TO/MM(EHON, BbiJe/leHHbIH M3 KYPKYMbl, TakKe AeMOHCTPHpYeT CIOCOOHOCTH cBsisbiBaTh ADPMI,
YCTaHOBJ/IEHHYIO B NPeABIAYIIUX UCCAef0BaHUAX. HacTosliee ucciejoBaHye Harpas/IeHO Ha U3y4eHue MOJIeKY/ISIPHBIX OCHOB
MOTEeHIMaIbHOTO CHHEPreTUYeCKOr0 MexaHH3Ma JIeTOKCHKALUY, MPU KOTOPOM KYPKYMHH YyCU/IMBaeT CBs3biBaHMe ADPMI c
noBepxHOCTHBIMH Oenkamut MKB. C npuMeHenreM niporpaMmMbl CB-Dock? BeImosiHeHO MoseKysipHOe flokupoBaHre AOM1 u
KypKYMHHA C /IByMsl CTPYKTYPHO OXapaKTepU30BaHHBIMU TTOBepXHOCTHbIMU Oenkamu Lactobacillus acidophilus: 40XD (JI-
kapbokcunentuzaasa LdcB) u 7QFG (S-coiinbiii 6enok SIpA, nomen 111). A@M1 obpa3osan mpounyto cssizb ¢ 40XD (AG = -
8,9 kkan/mosnb) u ymepenHyto — ¢ 7QFG (AG = —6,9 kkan/mornb). [IpsiMoe fokupoBaHue KypkyMuHa ¢ A@M1 nano sHepruro
cBsisbiBaHusl AG = -7,7 kkan/monb. B TepHapHOM Komruiekce 40XD-A®PMI1-KypKyMUH TOC/IeIHUIN 3aHs/T OTAebHBIMN,
HeTlepeKpLIBAIOILMICS KapMaH cBsi3biBaHus (AG = —7,6 KKaa/MOJib), TIPOCTPAHCTBEHHO Y/alEéHHBIA OT caiTa CBSI3bIBAaHUS
A®M]1. TlonyueHHble pe3y/bTaThl BIIEPBbIe HA MOJIEKY/ISIDHOM YPOBHe CBHUJETENbCTBYIOT O BOSMOXXKHOCTH OJHOBPEMEHHOTO
CBsi3bIBaHUsl KypKymuHa 1 A®M1 ¢ menTuoriukaH-ces3biBaronmM OenmkoM MKB 6e3 KOHKYDEHLMH, UTO TMOAJEepP’KHBAeT
HOBYIO MO/leJIb CHHEePreTUUYeCKOM [eTOKCUKAaL[UH.

KiwueBble c«10Ba: AdmatokcuH M1, KypKyMHH, MOJIOUHOKWC/IbIe OakTepud, MOJEKY/IsSPHOe /IOKHUpPOBaHUE,
CUHepreTHueckas JeTOKCHKaLysi, 6e301acHOCTb MOJIOKA.

Introduction

Aflatoxin M1 (AFM1) is a hydroxylated metabolite of aflatoxin B1 (AFB1) produced by Aspergillus flavus and A.
parasiticus on contaminated animal feed [1]. Following consumption by lactating mammals, AFB1 is metabolized in the liver
and excreted into milk as AFM1, which retains significant toxicity and has been classified as a Group 1 carcinogen by the
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International Agency for Research on Cancer (IARC) [2]. AFM1 is very stable to heat degradation during pasteurization
(73°C) and sterilization (135°C), making it a persistent food safety hazard in the global dairy supply chain [3], [4].

Conventional approaches to mitigate AFM1 include physical adsorption using clay-based binders and chemical treatments;
however, these methods often compromise the sensory and nutritional quality of milk or raise safety concerns regarding long-
term consumption [5]. In response, biological detoxification using food-grade lactic acid bacteria (LAB) has emerged as a
promising, safe, and consumer-acceptable alternative. LAB strains, particularly L acidophilus, L. plantarum, L. rhamnosus, and
L. casei, have demonstrated significant AFM1-binding capacity in both laboratory media and dairy matrices such as yogurt and
kefir, with reported removal efficiencies ranging from 73.9% to 96.9% depending on strain and experimental conditions [6],
[7], [8], [9]. The principal mechanism involves physical adsorption to cell wall components, including peptidoglycan and
teichoic acids, rather than covalent modification or degradation of the toxin molecule [10].

A critical limitation of LAB-based AFM1 binding, however, is its reversibility. Under the fluctuating pH conditions of the
gastrointestinal tract, up to 60% of bound AFM1 can be released from the bacterial surface, nullifying the intended
detoxification benefit [11], [12]. This observation has motivated the search for complementary agents that could stabilize the
AFM1-LAB complex and convert reversible adsorption into permanent sequestration.

Curcumin (diferuloylmethane), the principal bioactive polyphenol of turmeric (Curcuma longa), possesses well-
documented antioxidant, anti-inflammatory, and chemopreventive properties [13], [14]. Recent studies employing density
functional theory (DFT) and molecular docking have demonstrated that curcumin forms stable complexes with both AFM1 and
AFM2, with adsorption energies of —10.80 kcal/mol for AFM1 at 25°C, primarily through hydrogen bonding and non-covalent
interactions [3]. The same study reported that curcumin remained effective at pasteurization temperatures, suggesting practical
applicability in dairy processing.

Despite these independent lines of evidence for LAB-mediated adsorption and curcumin—AFM1 binding, the potential for
synergistic detoxification, wherein curcumin simultaneously binds to both AFM1 and LAB surface components to enhance
overall sequestration, remains largely unexplored. A theoretical review proposed that curcumin could act as a "supramolecular
bridge" between AFM1 and bacterial cell wall peptidoglycans, but this hypothesis has not been tested at the molecular level
[15].

The present study uses molecular docking to investigate whether curcumin can bind to LAB surface proteins
simultaneously with AFM1, without competing for the same binding pocket. Specifically, it hypothesizes that curcumin
occupies a distinct binding site on the 40XD peptidoglycan-binding protein from L. acidophilus, spatially separated from the
AFM1 binding site, thereby supporting a synergistic detoxification model.

Research methods and principles

2.1. Protein and ligand structures

Three-dimensional structures of target proteins were obtained from the RCSB Protein Data Bank (PDB) [16]. 40XD
(Structure of the LdcB LD-carboxypeptidase from Lactobacillus acidophilus, resolution 2.8 A) is a peptidoglycan-binding
protein that recognizes the bacterial cell wall and serves as a representative model for LAB surface adsorption sites [17]. 7QFG
(Crystal structure of S-layer protein SIpA domain III, residues 309-444, from L. acidophilus, resolution 1.65 A) represents the
crystalline surface layer of the bacterial envelope [18]. Ligand structures, AFM1 (PubChem CID: 15558498) and curcumin
(PubChem CID: 969516), were downloaded as 3D SDF files and converted to PDB format before docking.

2.2. Molecular docking

All docking simulations were performed using CB-Dock?2 (clab.labshare.cn/cb-dock/), a fully automated online docking
server that implements a four-step pipeline including structure preprocessing, cavity detection, and binding affinity scoring
[19]. CB-Dock? treats the uploaded protein as the receptor and searches for potential binding cavities across the entire protein
surface, ranking results by binding affinity (AG, kcal/mol). Three docking experiments were conducted:

1) AFM1—curcumin (ligand-ligand docking);

2) AFM1-LAB protein (binary binding);

3) Curcumin—AFM1-LAB protein (ternary complex).

For each docking run, the top five cavities were recorded, including binding affinity, cavity volume (A3), and contact
residues.

2.3. Data analysis

Binding pockets were compared by examining contact residue lists to determine whether curcumin and AFM1 shared
overlapping sets of residues. A non-overlapping pocket was defined as one in which less than 30% of contact residues were
shared between the AFM1 and curcumin binding sites.

Main results

3.1. Direct curcumin—AFM1 interaction

Ligand-ligand docking with AFM1 as the receptor yielded a binding affinity of —7.7 kcal/mol for curcumin (Table 1),
indicating a thermodynamically favorable interaction consistent with previous DFT studies (Fig. 1) [3].
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Figure 1 - Molecular docking of curcumin to AFM1
DOI: https://doi.org/10.60797/IRJ.2026.167.78.1

Figure 1. Binding pose showing curcumin docked to AFM1 with hydrogen bonds indicated by dashed lines. Binding

affinity: AG = -7.7 kcal/mol.
3.2. AFM1 binding to LAB proteins
AFM1 docked to 40XD with a strong binding affinity of —8.9 kcal/mol (cavity 2, volume 3842 A3) (Table 1). Multiple

additional cavities exhibited favorable binding (scores —8.3 to —7.1 kcal/mol), suggesting several potential binding loci (Fig.
2a). In contrast, AFM1 binding to 7QFG was moderate (AG = —6.9 kcal/mol) with a substantially smaller cavity volume (50
A?3), indicating weaker interaction with the S-layer protein (Fig. 2b).

Figure 2 - AFM1 binding to Lactobacillus acidophilus surface proteins
DOI: https://doi.org/10.60797/IRJ.2026.167.78.2

Figure 2. (a) AFM1 docked to 40XD peptidoglycan-binding protein at cavity 2 (AG = —8.9 kcal/mol). (b) AFM1 binding
to 7QFG S-layer protein at cavity 4 (AG = —6.9 kcal/mol). Key contact residues are labeled.

Table 1 - Summary of CB-Dock2 docking results for all binding systems
DOIT: https://doi.org/10.60797/IRJ.2026.167.78.3

Binding System Best Cavity AG (kcal/mol) Volume (A3) Binding Type
Curcumin-AFM1 1 -7.7 1548 Direct
AFM1-40XD 2 -8.9 3842 Binary
AFM1-7QFG 4 -6.9 50 Binary

3
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Binding System Best Cavity AG (kcal/mol) Volume (A3) Binding Type
Curcumin—-40XD- .
AFM1 1 -7.6 6144 Non-competitive

Curcumin-7QFG— ..
AFM1 4 6.4 50 Competitive

3.3. Ternary complex analysis

In the preformed 40XD-AFM1 complex, curcumin bound to cavity 1 with AG = 7.6 kcal/mol (volume 6144 A3), which
is spatially and compositionally distinct from the AFM1 binding site (Fig. 3).

/4
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Figure 3 - Non-competitive binding of curcumin and AFM1 to 40XD
DOI: https://doi.org/10.60797/IRJ.2026.167.78.4

Figure 3. The ternary 40XD—-AFM1—curcumin complex showing AFM1 bound at cavity 2 (chains A/C/D) and curcumin
bound at cavity 1 (chains B/E) with spatially separated binding sites. Contact residues displayed as sticks; surface

representation highlights distinct pocket volumes (AFM1: 3842 A3; curcumin: 6144 A3). Binding affinities: AFM1 = —8.9
kcal/mol; curcumin = -7.6 kcal/mol.

Contact residue analysis confirmed no overlap between the two binding pockets (Table 2). By contrast, on 7QFG,
curcumin competed for the same pocket as AFM1, with overlapping contact residues indicating competitive binding (Table 2).

Table 2 - Comparative analysis of binding pockets on 40XD and 7QFG proteins
DOI: https://doi.org/10.60797/IRJ.2026.167.78.5

Protein Ligand Key Contact Residues Pocket Overlap
GLU139:A, ALA140:A,
ARG143:A, GLY89:C,
40XD AFM1 GLU90:C, LYS95:C, o
HIS115:C, TYR116:C
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Protein Ligand Key Contact Residues Pocket Overlap

TYR63:B, ASP71:B,
GLU72:B, ILE73:B,
40XD Curcumin TYR86:B, PRO88:B, None (distinct pockets)
GLY89:B, GLU90:B,
ARG209:B

ARG320, ILE321,
MET322, VAL392,
7QFG AFM1 ASN401, VALA403, —
VAL404, LEU405,
GLU409

ARG320, ILE321,
MET322, VAL392,
7QFG Curcumin ASN401, VALA403, Complete (same pocket)
VAL404, LEU405,
GLU409

3.4. Summary of binding affinities

The key findings are:

1) AFM1 binds most strongly to 40XD (AG = -8.9 kcal/mol), substantially more strongly than to 7QFG (AG = -6.9
kcal/mol);

2) Curcumin binds directly to AFM1 (AG = -7.7 kcal/mol), confirming direct toxin—polyphenol interaction;

3) In the ternary 40XD system, curcumin binds to a distinct, non-overlapping pocket (AG = -7.6 kcal/mol);

4) In the ternary 7QFG system, curcumin competes for the same pocket as AFM1, indicating that synergy is protein-
dependent.

Discussion

4.1. 40XD as a superior target for AFM1 binding

The strong binding affinity between AFM1 and 40XD (AG = —8.9 kcal/mol) exceeds typical values reported for small-
molecule—protein interactions in aflatoxin detoxification literature. The 40XD protein, an LdcB LD-carboxypeptidase that
recognizes peptidoglycan, represents a functionally relevant model for AFM1 adsorption sites on the LAB cell surface [17].
The large cavity volume and involvement of multiple protein chains suggest that AFM1 inserts deeply into a pre-existing
binding groove, forming extensive hydrophobic and polar contacts.

4.2. Distinct binding pockets support a synergistic model

The central finding is that curcumin binds to a different pocket on 40XD than AFM1. The contact residues for curcumin
(cavity 1) are primarily located on chains B and E, whereas the AFM1 binding site (cavity 2) involves chains A, C, and D. This
spatial separation provides strong molecular docking evidence that curcumin can bind to the LAB surface simultaneously with
AFM1 without steric hindrance. This finding directly supports the "supramolecular bridge" hypothesis proposed in recent
theoretical work [15].

4.3. Implications for binding reversibility

The major limitation of LAB-based AFM1 detoxification is reversibility, with up to 60% of adsorbed AFM1 released under
gastrointestinal pH conditions [11], [12]. By binding to an adjacent pocket, curcumin could exert a stabilizing effect on the
overall AFM1-LAB complex through allosteric modulation, formation of a ternary network with additional intermolecular
interactions, or physical blockage of the AFM1 exit pathway.

4.4. Protein-dependent competition

The contrasting results for 40XD (distinct pockets) and 7QFG (competitive binding) underscore that synergistic
detoxification potential is protein-specific. S-layer proteins such as 7QFG have smaller binding cavities (42—-111 A3) and show
competition between AFM1 and curcumin, suggesting they may be less suitable targets for simultaneous binding strategies.
LAB strains with abundant peptidoglycan-binding proteins may be superior candidates for curcumin-enhanced detoxification.

4.5. Recommendations for experimental validation

Based on structural insights, the following LAB strains are recommended for experimental validation: Lactobacillus
plantarum (high AFM1-binding capacity, up to 80% removal) [7]; L. rhamnosus (well-characterized for AFM1 binding in
yogurt matrices, >50% removal) [8], [9]; and L. acidophilus (the species from which 40XD and 7QFG were derived) [6]. For
in vitro validation, incubating selected strains with AFM1-spiked milk in the presence or absence of curcumin is
recommended, followed quantifying residual AFM1 by ELISA or HPLC, and measuring AFM1 release after pH washes to
assess binding stability.

4.6. Limitations

A few limitations must be noted in this study. Rigid-receptor docking does not account for protein flexibility, which may
influence binding pocket geometry. The 40XD structure is a recombinant domain rather than the intact bacterial cell wall.
Therefore, native LAB surface complexity cannot be fully captured by a single protein model. Also, binding energies are
computational predictions requiring experimental validation using isothermal titration calorimetry or surface plasmon
resonance.
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Conclusion

This molecular docking study in all likelihood provides the first structural evidence that curcumin can bind simultaneously
with AFM1 to a peptidoglycan-binding protein (40XD) from L. acidophilus without competing for the same binding pocket.
AFM1 binds strongly to 40XD (AG = —8.9 kcal/mol) at a site involving chains A, C, and D, while curcumin binds to a distinct,
larger cavity (cavity 1, AG = —7.6 kcal/mol) primarily involving chains B and E. By contrast, on the S-layer protein 7QFG,
curcumin and AFM1 compete for the same shallow pocket. These findings support the idea that curcumin may act as a
"supramolecular bridge" stabilizing AFM1-LAB complexes and offer a rational structural basis for developing curcumin-
enhanced LAB-based detoxification strategies for dairy products. Experimental validation using candidate strains is now
warranted to determine whether curcumin can reduce the reversibility of AFM1 binding and improve dairy product safety.

BbnaarogapHocTH Acknowledgement
Hacrosimasi pabora BbinosiHeHa Ha PakyibTeTe This work was carried out at the Faculty of Biotechnology,
6uoTexHonornid YHuBepcutera UTMO. ABTOD BBIpakaeT ITMO University. The author expresses sincere gratitude to
HCKPEHHIOI0 0/1aroJapHOCTb CBOEMY Hay4HOMY their supervisor, Dr. Amin Mousavi Khaneghah, for his
pyKoBOAWTENIO, OKTOpY AMuHY MycaBu XaHera (Dr. Amin  invaluable guidance, support, and scientific mentorship
Mousavi Khaneghah), 3a ero 6ecrieHHoe pyKoBO/CTBO, throughout this research.
MOZIZIEPKKY U HAyYHOEe HACTABHUYECTBO B XO7Ie JAHHOTO
HCCIe/I0BaHuS.
KonduKT NHTEpecoB Conflict of Interest
He yka3zah. None declared.
Penensus Review
Bce crateu mpoxogsT perjeH3upoBanue. Ho perieH3eHT nnm All articles are peer-reviewed. But the reviewer or the author
aBTOp CTaThU MPEATIOWIH He MyOJUKOBATh PELIeH3UI0 K 3TOH of the article chose not to publish a review of this article in
CTaTbe B OTKPBITOM [IOCTYTIE. PelleH3ust MOXeT ObITh the public domain. The review can be provided to the
npe/jocTaB/ieHa KOMIIeTeHTHBIM OpraHaMm o 3arpocy. competent authorities upon request.

Cnucok siureparypsbl / References

1. Min L., Li D. The challenges of global occurrence of aflatoxin M1 contamination and the reduction of aflatoxin M1 in
milk over the past decade / L. Min, D. Li, X. Tong [et al.] / Food Control. — 2020. — Vol. 117. — P. 107352. — DOI:
10.1016/j.foodcont.2020.107352.

2. Chemical agents and related occupations / IARC // IARC Monographs on the Evaluation of Carcinogenic Risks to
Humans. — Lyon: International Agency for Research on Cancer, 2012. — Vol. 100F. — P. 225-244.

3. Baei M.T. DFT and molecular docking study of curcumin interactions with aflatoxins M1 and M2 at processing
temperatures for reducing toxicity in milk and dairy products / M.T. Baei // Scientific Reports. — 2025. — Vol. 15. — P.
40109. — DOI: 10.1038/s41598-025-23967-z.

4. Rizk M.A. Mapping global research trends on aflatoxin M1 in dairy products: An integrative review of prevalence,
toxicology, and control approaches / M.A. Rizk [et al.] // Foods. — 2026. — Vol. 15. — Ne 1. — P. 1. — DOI:
10.3390/foods15010001.

5. Fashandi H.M. The detoxification of aflatoxin M1 by Lactobacillus acidophilus and Bifidobacterium spp.: A review /
H.M. Fashandi, R. Abbasi, A. Mousavi Khaneghah // Journal of Food Processing and Preservation. — 2018. — Vol. 42. — Ne
11. — P. e13704. — DOI: 10.1111/jfpp.13704.

6. Rezasoltani M. The detoxification effects of probiotics Saccharomyces boulardii, Lactobacillus casei, and
Lactobacillus acidophilus on aflatoxin M1 in reconstituted milk / M. Rezasoltani [et al.] / Food Science and Nutrition. —
2022. — Vol. 10. — Ne 12. — P. 4061-4069. — DOI: 10.1002/fsn3.70175.

7. Erfanpoor S. Efficiency of Lactobacillus plantarum and L. brevis isolated from Siahmazgi cheese in reducing aflatoxin
M1 in milk / S. Erfanpoor [et al.] // Food Science and Nutrition. — 2024. — Vol. 12. — Ne 10. — P. e45623. — DOI:
10.1002/fsn3.45623.

8. Moradkhani F. Biodetoxification of Aflatoxin M1 in artificially contaminated fermented milk, fermented dairy drink
and yogurt using Lactobacillus acidophilus, L. plantarum, L. reuteri, and L. rhamnosus and its effects on physicochemical
properties / F. Moradkhani, S.S. Sekhavatizadeh, M.H. Marhamatizadeh [et al.] // Food Science and Nutrition. — 2025. — Vol.
13. — Ne 4. — P. €70175. — DOI: 10.1002/fsn3.70175.

9. Riad O.K.M. Anti-aflatoxigenic effect of Lactobacillus rhamnosus and its synbiotic combination of chitosan/ZnO in
milk / O.K.M. Riad, H.M. R.M. Selim, S.T.K. Tohamy [et al.] // AMB Express. — 2025. — Vol. 15. — Ne 1. — P. 165. —
DOI: 10.1186/513568-025-01960-z.

10. Assaf J.C. Assorted methods for decontamination of aflatoxin M1 in milk using microbial adsorbents / J.C. Assaf, S.
Nabhle, A. Chokr [et al.] // Toxins. — 2019. — Vol. 11. — Ne 6. — P. 304. — DOI: 10.3390/toxins11060304.

11. AdAcsi C. Aflatoxin M1 binding by probiotic bacterial cells and cell fractions / C. Adacsi, Sz.Kovacs, T. Pusztahelyi //
Acta Alimentaria. — 2023. — Vol. 52. — No 4. — P. 579-588. — DOI: 10.1556/066.2023.00139.

12. Kemboi D.C. Multi-mycotoxin occurrence in dairy cattle and poultry feeds and feed ingredients from Machakos
town, Kenya / D.C. Kemboi, P.E. Ochieng, G. Antonissen [et al.] // Toxins. — 2020. — Vol. 12. — Ne 12. — P. 762. — DOI:
10.3390/toxins12120762.


https://creativecommons.org/licenses/by/4.0/deed.en

International Research Journal = Ne 5 (167) = May © Authors of the article / Authors of the article

13. Kocaadam B. Curcumin, an active component of turmeric (Curcuma longa), and its effects on health / B. Kocaadam,
N. Sanlier // Critical Reviews in Food Science and Nutrition. — 2017. — Vol. 57. — Ne 13. — P. 2889-2895. — DOI:
10.1080/10408398.2015.1077195.

14. Rapti E. Potential applications of the anti-inflammatory, antithrombotic and antioxidant health-promoting properties
of curcumin: A critical review / E. Rapti, T. Adamantidi, P. Efthymiopoulos [et al.] / Nutraceuticals. — 2024. — Vol. 4. — Ne
4. —P. 31. — DOI: 10.3390/nutraceuticals4040031.

15. Barua S. CunepreTuueckas JeTOKcHKalusi aduiaTokcuHa M1 B MOJIOKe C UCIIO/Ib30BaHHWEM KypKyMHUHa U
MUKpPOOHOTHI, TIOyueHHOW NyTéM ¢epMmeHTauuu / S. Barua // MexXayHapoaHbIi HayuHO-UCC/Ie[0BAaTeNbCKUM XKYpHalI. —
2025. —T. 12. — Ne 162. — C. 79.

16. Protein Data Bank (PDB). — URL: https://www.rcsb.org (accessed: 07.04.2026).

17. Hoyland C.N. Structure of the LdcB LD-carboxypeptidase reveals the molecular basis of peptidoglycan recognition /
C.N. Hoyland, C. Aldridge, R.M. Cleverley [et al.] / Structure. — 2014. — Vol. 22. — Ne 6. — P. 949-961. — DOI:
10.1016/j.5tr.2014.04.015.

18. Sagmeister T. The molecular architecture of Lactobacillus S-layer: Assembly and attachment to teichoic acids / T.
Sagmeister, M. Eder, T. Pavkov-Keller // Proceedings of the National Academy of Sciences. — 2024. — Vol. 121. — Ne 26. —
P. €2400660121. — DOI: 10.1073/pnas.2400660121. — PMCID: PMC11181022.

19. Liu Y. CB-Dock2: Improved protein-ligand blind docking by integrating cavity detection, docking and homologous
template fitting / Y. Liu, Z. Xiao, J. Gu [et al.] // Nucleic Acids Research. — 2022. — Vol. 50. — Ne W1. — P. W159-W164.
— DOI: 10.1093/nar/gkac394. — PMID: 35609983.

Cnucok /uTeparyphl Ha aHrymiickoM s3bike / References in English

1. Min L., Li D. The challenges of global occurrence of aflatoxin M1 contamination and the reduction of aflatoxin M1 in
milk over the past decade / L. Min, D. Li, X. Tong [et al.] // Food Control. — 2020. — Vol. 117. — P. 107352. — DOI:
10.1016/j.foodcont.2020.107352.

2. Chemical agents and related occupations / ITARC // TARC Monographs on the Evaluation of Carcinogenic Risks to
Humans. — Lyon: International Agency for Research on Cancer, 2012. — Vol. 100F. — P. 225-244.

3. Baei M.T. DFT and molecular docking study of curcumin interactions with aflatoxins M1 and M2 at processing
temperatures for reducing toxicity in milk and dairy products / M.T. Baei // Scientific Reports. — 2025. — Vol. 15. — P.
40109. — DOI: 10.1038/541598-025-23967-z.

4. Rizk M.A. Mapping global research trends on aflatoxin M1 in dairy products: An integrative review of prevalence,
toxicology, and control approaches / M.A. Rizk [et al.] / Foods. — 2026. — Vol. 15. — Ne 1. — P. 1. — DOI:
10.3390/foods15010001.

5. Fashandi H.M. The detoxification of aflatoxin M1 by Lactobacillus acidophilus and Bifidobacterium spp.: A review /
H.M. Fashandi, R. Abbasi, A. Mousavi Khaneghah // Journal of Food Processing and Preservation. — 2018. — Vol. 42. — Ne
11. — P. e13704. — DOI: 10.1111/jfpp.13704.

6. Rezasoltani M. The detoxification effects of probiotics Saccharomyces boulardii, Lactobacillus casei, and
Lactobacillus acidophilus on aflatoxin M1 in reconstituted milk / M. Rezasoltani [et al.] // Food Science and Nutrition. —
2022. — Vol. 10. — Ne 12. — P. 4061-4069. — DOI: 10.1002/fsn3.70175.

7. Erfanpoor S. Efficiency of Lactobacillus plantarum and L. brevis isolated from Siahmazgi cheese in reducing aflatoxin
M1 in milk / S. Erfanpoor [et al.] / Food Science and Nutrition. — 2024. — Vol. 12. — Ne 10. — P. e45623. — DOI:
10.1002/fsn3.45623.

8. Moradkhani F. Biodetoxification of Aflatoxin M1 in artificially contaminated fermented milk, fermented dairy drink
and yogurt using Lactobacillus acidophilus, L. plantarum, L. reuteri, and L. rhamnosus and its effects on physicochemical
properties / F. Moradkhani, S.S. Sekhavatizadeh, M.H. Marhamatizadeh [et al.] // Food Science and Nutrition. — 2025. — Vol.
13. — Ne 4. — P. ¢70175. — DOI: 10.1002/fsn3.70175.

9. Riad O.K.M. Anti-aflatoxigenic effect of Lactobacillus rhamnosus and its synbiotic combination of chitosan/ZnO in
milk / O.K.M. Riad, H.M. R.M. Selim, S.T.K. Tohamy [et al.] // AMB Express. — 2025. — Vol. 15. — Ne 1. — P. 165. —
DOI: 10.1186/s13568-025-01960-z.

10. Assaf J.C. Assorted methods for decontamination of aflatoxin M1 in milk using microbial adsorbents / J.C. Assaf, S.
Nahle, A. Chokr [et al.] // Toxins. — 2019. — Vol. 11. — Ne 6. — P. 304. — DOI: 10.3390/toxins11060304.

11. Adacsi C. Aflatoxin M1 binding by probiotic bacterial cells and cell fractions / C. Adacsi, Sz.Kovéacs, T. Pusztahelyi //
Acta Alimentaria. — 2023. — Vol. 52. — Ne 4. — P. 579-588. — DOI: 10.1556/066.2023.00139.

12. Kemboi D.C. Multi-mycotoxin occurrence in dairy cattle and poultry feeds and feed ingredients from Machakos
town, Kenya / D.C. Kemboi, P.E. Ochieng, G. Antonissen [et al.] // Toxins. — 2020. — Vol. 12. — Ne 12. — P. 762. — DOI:
10.3390/toxins12120762.

13. Kocaadam B. Curcumin, an active component of turmeric (Curcuma longa), and its effects on health / B. Kocaadam,
N. Sanlier // Critical Reviews in Food Science and Nutrition. — 2017. — Vol. 57. — Ne 13. — P. 2889-2895. — DOI:
10.1080/10408398.2015.1077195.

14. Rapti E. Potential applications of the anti-inflammatory, antithrombotic and antioxidant health-promoting properties
of curcumin: A critical review / E. Rapti, T. Adamantidi, P. Efthymiopoulos [et al.] // Nutraceuticals. — 2024. — Vol. 4. — Ne
4. —P. 31. — DOI: 10.3390/nutraceuticals4040031.

15. Barua S. Sinergeticheskaya detoksikaciya aflatoksina M1 v moloke s ispol'zovaniem kurkumina i mikrobioty,
poluchennoj putyom fermentacii [Synergistic detoxification of aflatoxin M1 in milk using curcumin and fermentation-derived


https://creativecommons.org/licenses/by/4.0/deed.en

International Research Journal = Ne 5 (167) = May © Authors of the article / Authors of the article

microbiota] / S. Barua // Mezhdunarodnyj nauchno-issledovatel'skij zhurnal [International Research Journal]. — 2025. — Vol.
12. — Ne 162. — P. 79. [in Russian]

16. Protein Data Bank (PDB). — URL: https://www.rcsb.org (accessed: 07.04.2026).

17. Hoyland C.N. Structure of the LdcB LD-carboxypeptidase reveals the molecular basis of peptidoglycan recognition /
C.N. Hoyland, C. Aldridge, R.M. Cleverley [et al.] / Structure. — 2014. — Vol. 22. — Ne 6. — P. 949-961. — DOI:
10.1016/j.str.2014.04.015.

18. Sagmeister T. The molecular architecture of Lactobacillus S-layer: Assembly and attachment to teichoic acids / T.
Sagmeister, M. Eder, T. Pavkov-Keller // Proceedings of the National Academy of Sciences. — 2024. — Vol. 121. — Ne 26. —
P. €2400660121. — DOI: 10.1073/pnas.2400660121. — PMCID: PMC11181022.

19. Liu Y. CB-Dock2: Improved protein-ligand blind docking by integrating cavity detection, docking and homologous
template fitting / Y. Liu, Z. Xiao, J. Gu [et al.] // Nucleic Acids Research. — 2022. — Vol. 50. — Ne W1. — P. W159-W164.
— DOI: 10.1093/nar/gkac394. — PMID: 35609983.



https://creativecommons.org/licenses/by/4.0/deed.en

	МАТЕМАТИЧЕСКАЯ БИОЛОГИЯ, БИОИНФОРМАТИКА/MATHEMATICAL BIOLOGY, BIOINFORMATICS
	Curcumin Enhances AFM1 Binding to LAB Proteins: A Molecular Docking Study
	Barua S.1, *
	Куркумин усиливает связывание АФМ1 с белками МКБ: молекулярно-докинговое исследование
	Баруа С.1, *

