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Background and Aims: Excessive intake of advanced glycation end products (AGEs), which are formed in foods cooked at high temperatures for long periods of time, has negative health effects, such as inflammatory responses and oxidative stress. Nε-(Carboxymethyl)lysine (CML) is one of the major dietary AGEs. Given their generally recognized as safe status and probiotic functionalities, lactic acid bacteria may be ideal supplements for blocking intestinal absorption of food toxicants. However, the protective effects of lactic acid bacteria against dietary AGEs have not been fully elucidated.

Materials and Methods: We investigated the effect of treatment with Lactococcus lactis KF140 (LL-KF140), which was isolated from kimchi, on the levels and toxicokinetics of CML. The CML reduction efficacies of the Lactococcus lactis KF140 (LL-KF140), which was isolated from kimchi, were conducted by in vitro test for reducing CML concentration of the casein-lactose reaction product (CLRP) and in vivo test for reducing serum CML level of LL-KF140 administered rats at 2.0 × 108 CFU/kg for14 days. In addition, 12 volunteers consuming LL-KF140 at 2.0 × 109 CFU/1.5 g for 26 days were determined blood CML concentration and compared with that before intake a Parmesan cheese.

Results: Administration of LL-KF140 reduced serum CML levels and hepatic CML absorption in rats that were fed a CML-enriched product. In a human trial, the intake of LL-KF140 prevented increases in the serum levels of CML and alanine aminotransferase after consumption of a CML-rich cheese. LL-KF140 was determined to presence in feces through metagenome analysis. Furthermore, β-galactosidase, one of the L. lactis-produced enzymes, inhibited the absorption of CML and reduced the levels of this AGE, which suggests an indirect inhibitory effect of LL-KF140. This study is the first to demonstrate that an L. lactis strain and its related enzyme contribute to the reduction of dietary absorption of CML.
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INTRODUCTION

The advancement of food science has brought convenience to humans and has helped improve the storage, safety, functionality, and flavor of food. In particular, the heating process adds flavor to food and improves its storage properties. However, heating also generates undesired compounds, such as acrylamide, trans fat, and advanced glycation end products (AGEs), the continuous ingestion of which causes inflammation and chronic diseases (1–3). AGEs are a result of non-enzymatic reactions between carbonyl groups of reducing sugars and free amino groups in foods cooked at high temperatures or preserved for long periods (4). AGEs are also formed in the body during normal cellular metabolism (5). Elevation of endogenous or exogenous AGE levels is associated with inflammation, oxidative stress, reduced endothelial function, insulin resistance, and metabolic disorders (6). Important AGEs include pentosidine, Nε-(carboxymethyl)lysine (CML), and hydroimidazolone, among which CML is the most abundant and has been widely studied in foods (7).

Lactic acid bacteria (LAB), which are capable of fermenting lactose into lactate, have been reported to remove toxic substances, such as carcinogenic compounds and mycotoxins, in food applications (8, 9). Traditional lactic acid fermentation, one of the oldest practices in food preparation, may have high potential as an alternative and practical strategy for the mitigation of mycotoxins in foods. Some LAB strains bind mycotoxins to the cell wall or induce their enzymatic degradation, thus reducing mycotoxin contamination (9). In addition, successful applications of LAB have been reported in the removal of toxic heavy metals, including mercury and arsenic, and detoxification of acrylamides (10, 11). Considering their generally recognized as safe (GRAS) status and probiotic functionalities, LAB may be an ideal treatment to prevent the occurrence or reduce the levels of food toxicants via blocking their intestinal absorption. However, the protective effects of beneficial bacteria against dietary AGEs have not yet been fully elucidated.

The present study aimed to evaluate the effect of treatment with a Lactococcus lactis strain that was isolated from kimchi, a traditional Korean fermented food, on the levels and toxicokinetics of CML and investigate the direct mechanism by which probiotics can influence the detoxification of AGEs. In addition, the enzymatic role of L. lactis in CML reduction was evaluated and specific enzyme was suggested.



MATERIALS AND METHODS


Isolation and Phylogenetic Analysis of Strain KF140 as Lactococcus lactis (LL-KF140)

LL-KF140 was isolated from kimchi and identified by 16S rRNA gene sequence analysis. The bacterial 16S rRNA gene was amplified by polymerase chain reaction using two universal primers, 8F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-CGGTTACCTTGTTACGACTT-3’). The EzTaxon-e server1 was used to identify the phylogenetic neighbors of LL-KF140 and to calculate the pairwise 16S rRNA gene sequence similarities (12). The 16S rRNA gene sequences of LL-KF140 (1,490 bp) and closely related type strains were aligned using CLUSTALW.2 Phylogenetic trees were constructed using the neighbor-joining algorithm (13) and maximum-likelihood algorithm using Molecular Evolutionary Genetics Analysis software version 6.06. The bootstrap method was used to evaluate the topological stability of the tree with 1,000 replications (14). LL-KF140 was deposited at the Korean Culture Center of Microorganisms under number KCCM11673P.



Preparation of Nε-(Carboxymethyl)lysine and a Nε-(Carboxymethyl)lysine-Enriched Casein–Lactose Reaction Product

Nε-(Carboxymethyl)lysine was prepared by reacting a milk protein and a carbohydrate. Briefly, sodium casein was added to a 0.25 M lactose solution at a molar ratio of 1:7 (w/w), and the mixture was heated at 140°C for 80 min. The casein and lactose reactant was termed casein-lactose reaction product (CLRP). A commercially synthesized CML was purchased from Santa Cruz Biotechnology.



Hydrolysis of Advanced Glycation Ends From Casein for Quantification

Proteins from CLRP and LL-KF140 cultured supernatants were extracted using acetone precipitation and were dissolved in 200 μL of 0.01 M HCl. The total protein concentrations in the samples were determined using a bicinchoninic acid assay, and the solutions were diluted to a concentration of 1 mg/mL. Proteases and peptidase were used to hydrolyze the proteins, as reported in previous studies (15, 16). Briefly, the solution was incubated at 37°C for 24 h, followed by the addition of 0.1 mg of pepsin to 1 mL of the protein solution. Next, 250 μL of 2 M Tris-HCl buffer (pH 8.2) and Pronase E (0.1 mg) were sequentially added to the solution, and the solution was incubated at 37°C for 24 h. Finally, the solution was mixed with 1 U of aminopeptidase and 1 U of prolidase, and incubation was continued under the same conditions.



High-Performance Liquid Chromatography–Electrospray Ionization Mass Spectrometry

All high-performance liquid chromatography–electrospray ionization mass spectrometry (HPLC-ESI-MS) experiments for quantifying AGEs in the samples were performed in positive ion mode using a LCMS-8050 (Shimadzu, Kyoto, Japan) equipped with a Hypercarb porous graphitic carbon column (3 μm, 2.1 mm × 150 mm). The injection volume and the column oven temperature were 4 μL and 40°C, respectively. Two solvents, 0.1% formic acid (FA) in water (solvent A) and 0.1% FA in acetonitrile (solvent B), were used as the mobile phase at a flow rate of 0.2 mL/min. A gradient of the two solvents was set as follows: 0–10.0 min, 0% B; 10.0–15.0 min, 0–20% B; 15.0–20.0 min, 20% B; 20.0–21.5 min, 20–70% B; 21.5–25.0 min, 70% B; 25.0–25.5 min, 70–0% B; 25.5–35.0 min, 0% B. For intact ionization of AGEs, the nebulizing gas, heating gas, and drying gas flow rates were set at 3, 10, and 10 L/min, respectively. In addition, the interface temperature, capillary electrophoresis temperature, and heat block temperature were set to 300, 250, and 400°C, respectively. Quantitative analysis of the samples was performed based on the standard addition method due to the presence of amino acids in the solution.



Analysis of LL-KF140 Microbial and Enzymatic Reactions With Nε-(Carboxymethyl)lysine in vitro

LL-KF140 was cultured in De Man, Rogosa, and Sharpe (MRS) broth at 37°C for 24 h. Cultured cells were collected by centrifugation at 2,570 × g for 15 min and then washed twice with aseptic phosphate-buffered saline (PBS). The pelleted cells were frozen at –80°C and then lyophilized and stored at –80°C until further use. The viability of lyophilized LL-KF140 cells was determined by colony-forming units (CFU) counts after agar plating.

Total 100 mL of mixture including final CML concentration of 2.49 μg/mL was prepared. In LL-KF140 experiments, 10 mL of a 24-h LL-KF140 culture medium, 10 mL of a prepared CLRP, and 80 mL of M9 broth were mixed. In LL-KF140-free control, 10 mL of a prepared CLRP and 90 mL of M9 broth were mixed. The mixtures were shaken at 100 × g at 37°C. The culture and control were incubated in a normal aerobic setup, and the solutions were sampled at different time intervals.

The CML-reducing efficacies of eight enzymes (lactate dehydrogenase, fructose-6-phosphate kinase, β-galactosidase, glucokinase, glutamate dehydrogenase, D-lactate dehydrogenase, glutamate decarboxylase, and UDP-glucose-4-epimerase) that are produced by LL-KF140 were analyzed after incubation of these enzymes with CML for 24 h, as described above.



Animal Study Design

This study was conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of the Laboratory Animal Center of the Daegu-Gyeongbuk Medical Innovation Foundation (DGMIF) and approved by the IACUC of the Laboratory Animal Center of the DGMIF (DGMIF-17040502-00). Male Sprague–Dawley rats (6 weeks old) from Orientbio, Inc. (Seongnam, South Korea) were acclimated for 1 week under standard housing conditions at the DGMIF and were provided a standard rodent chow diet and water ad libitum. The rats were separated into two experimental groups (LL-KF140-treated and PBS-treated control groups) and orally administered LL-KF140 at 2.0 × 108 CFU/kg body weight in a total volume of 200 μL of PBS once daily for 14 days before CLRP ingestion.

The rats were fasted for at least 14 h prior to beginning the experiment and had free access to tap water. The CLRP was administered at a dose of 10 mg/kg (82.4 ng/kg CML) in a total volume of 10 mL/kg over 0.5 min via oral gavage through a feeding tube. Blood samples (0.3 mL) were collected into heparinized tubes via the jugular vein at 0 (control), 1, 2, 4, 6, 8, and 24 h after oral administration of the CLRP. The area under the plasma concentration–time curve of CML was calculated.



Western Blotting

Rat livers were lysed using PRO-PREP™ (iNtRON Biotechnology), and protein concentrations were determined using a protein assay kit (Bio-Rad). Proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred onto polyvinylidene difluoride membranes. The membranes were incubated overnight at 4°C with primary antibodies against CML, receptor for advanced glycation end products (RAGE), and β-actin (Abcam), followed by incubation with the rabbit secondary antibody (Thermo Fisher Scientific, Waltham, MA, United States), and the protein bands were visualized using a ChemiDoc XRS + imaging system (Bio-Rad, Hercules, CA, United States).



Human Participants and the Clinical Trial

The clinical trial was performed at the Clinical Trial Convergence Commercialization Team at the Daegu Technopark (Daegu, South Korea). The inclusion criteria were as follows: (a) men and women aged 25–45 years; (b) participants with a serum CML level of 2.1 ± 0.4 μg/mL; and (c) participants who understood the objectives of the study and agreed to abide by the required rules during the study. Patients with diabetes and those with vascular disease, heart disease, or any previous medical history of these conditions within the last 12 months were excluded. In addition, patients who had recently taken probiotics that could interfere with the efficacy evaluation were excluded. The protocol was approved by the Institutional Review Board (IRB) of the Daegu Haany University Korean Medicine Hospital (Daegu, South Korea) (IRB approval number: DHUMC-D-17029).

In total, 12 subjects passed the selection/exclusion screening and were enrolled into the study; however, data from 11 subjects were analyzed (1 subject dropped out following a compliance issue).

Subjects were hospitalized for 2-night/3-day (visit 2) within 20 days from the selected inspection date (visit 1) and were provided the test product on the discharge date. LL-KF140 at 2.0 × 109 CFU/1.5 g was ingested by the participants for 26 days, one packet each morning starting from the morning after discharge. The study protocol was terminated in the second 2-night/3-day hospitalization (visit 3) and completing and submitting all scheduled tests and specimens. On day 2, the participants were asked to consume 40 g of a parmesan cheese, containing 10 mg/g CML, within 30 min, and after completion of the breakfast, 6 mL of venous serum was collected at 1, 2, 4, 6, 8, 12, and 24 h using a serum separate tube. Fecal samples were collected once during each hospital visit and stored at –80°C.



Determination of Serum Levels of Nε -(Carboxymethyl)lysine and Biomarkers

Both rat and human serums were immediately placed on ice, allowed to sit for 10–15 min to facilitate clotting, and centrifuged at 1,500 rpm for 30 min. The serum samples were separated, aliquoted, and stored at –80°C.

Nε-(Carboxymethyl)lysine levels were measured in the serum using a CML enzyme-linked immunosorbent assay (ELISA) kit (CircuLex). Samples of rat and human sera were collected according to the manufacturer’s recommendations, and CML levels were then determined by the ELISA in triplicate, with the absorbance measured at a wavelength of 450 nm using a spectrophotometer. The CML concentration was then calculated using a calibration curve created with known concentrations of CML–human serum albumin (0.109–14.000 μg/mL). Serum samples were also analyzed for hemoglobin A1c (HbA1c), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) using commercially available kits (Abcam).



Stool 16S rRNA and Metagenomics Sequencing

Fresh stool samples were obtained from the 11 healthy participants and frozen at –80°C in sterile containers. Stool samples from each individual were used for the microbial community analysis. DNA was extracted, and the V3–V4 hypervariable region of the 16S rRNA gene was amplified using a MiSeq instrument (Illumina, San Diego, CA, United States) at Macrogen (Seoul, South Korea).

Operational taxonomic units (OTUs) for each sample were analyzed using CD-HIT and clustered with a threshold of 97% sequence homology (17). The taxonomic classification of OTUs was carried out by QIIME-UCLUST using the dataset from the Ribosomal Database Project (18). The Wilcoxon signed-rank test was applied to compare differential values of taxonomic assignments before and after LL-KF140 ingestion, and the data were visualized using the R software.3



Statistical Analysis

Data are expressed as the mean ± standard deviation (SD; in vitro) or standard error of the mean (SEM; in vivo), unless otherwise indicated, and were analyzed using the GraphPad Prism software (GraphPad Software, San Diego, CA, United States). Statistical analysis included the Student’s t-test and one-way analysis of variance (ANOVA) with Tukey’s test, when appropriate. Statistical significance was set at p < 0.05.




RESULTS


Identification of LL-KF140

Various potential probiotics were isolated from kimchi, and their ability to reduce CML levels was investigated (data not shown). The isolated KF140 strain, with a high CML-reducing activity, was gram-negative and catalase-negative and grew as single cells, with the formation of white colonies on MRS agar plates. Strain KF140 was able to utilize the following 20 carbohydrates: ribose, xylose, galactose, glucose, fructose, mannose, mannitol, N-acetylglucosamine, amygdalin, arbutin, esculin, salicin, cellobiose, maltose, lactose, sucrose, trehalose, starch, β-gentiobiose, and gluconate (Supplementary Table 1). In addition, strain KF140 did not show antibiotic resistance or hemolytic activity (Supplementary Table 2).

Phylogenetic relationships of the novel bacterial isolate were analyzed using 16S rRNA gene sequencing. In the constructed phylogenetic trees, strain KF140 was clustered with L. lactis strains and well-matched reference strains (Figure 1A). Thus, KF140 was identified as a strain of L. lactis (98% sequence homology).
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FIGURE 1. Isolation of Lactococcus lactis KF140 (LL-KF140) and its reduction of Nε -(Carboxymethyl)lysine (CML) concentration in vitro test. (A) Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences, showing the positions of L. lactis KF140 and other closely related lactic acid bacteria species. Bootstrap values (expressed as percentages of 1,000 replications) are shown at branching points. (B) Formation of CML following the reaction of casein and lactose at 140°C for different times. (C) Bacterial growth curve and the effect of LL-KF140 on the CML concentration in vitro. (D) Reduction of CML levels by LL-KF140 with or without MRS growth medium. Data are presented as the mean ± SD (n = 3). **p < 0.01, ***p < 0.001 (one-way ANOVA, followed by Tukey’s test).




In vitro Reduction of the Nε -(Carboxymethyl)lysine Level by LL-KF140

After a milk protein (casein) and lactose were heated for 80 min at 140°C, the CML content increased by 8 μg/mL (Figure 1B). Upon incubation of LL-KF140 with CLRP, the CML concentration decreased as the bacterial growth progressed and reached a minimum when the bacterial growth reached the stationary phase (Figure 1C). Based on this observation, the CLRP (2.7 mg/mL) was heated at 140°C for 80 min and used to assess the ability of LL-KF140 to reduce the level of CML. LL-KF140 decreased the level of CML by 60% in non-nutritive M9 culture medium and by 80% when MRS broth (nutritive) was used (Figure 1D).



In vivo Inhibition of Nε -(Carboxymethyl)lysine Absorption by LL-KF140

A rat model was used to evaluate whether LL-KF140 could reduce CML absorption in vivo. The experiment involved the administration of LL-KF140 to rats at a dose of 2.0 × 108 CFU/kg for 14 days, followed by the administration of 10 mg/kg CLRP (82.4 ng/kg CML). In the CLRP alone treatment group, the serum levels of CML peaked at 8 h and then decreased at 24 h after CLRP administration (p < 0.05). However, coadministration of LL-KF140 resulted in a 27% lower CML level than that in the CLRP alone treatment group 24 h post-administration (p < 0.05; Figure 2A). In addition, the measurement of blood levels of AST, ALT, TC, TG, LDL-C, and HDL-C 24 h after CLRP administration showed that these indicators were unaffected by LL-KF140 administration (Supplementary Table 3).
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FIGURE 2. Effect of oral administration of Lactococcus lactis KF140 (LL-KF140) on Nε -(Carboxymethyl)lysine (CML) levels in the serum and liver tissues of rats after 10 mg/kg CML administration in a casein-lactose reaction product (CLRP). (A) Serum CML levels in rats with and without LL-KF140 administration. (B) Levels of CML and the receptor for advanced glycation end products (RAGE) in rat liver tissues. Data are presented as the mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA, followed by Tukey’s test).


Next, the accumulation of CML and the expression of the RAGE were analyzed in rat liver tissues (Figure 2B). After 24 h, CLRP significantly increased the levels of CML and RAGE; however, LL-KF140 strongly inhibited these CLRP-mediated increases (p < 0.05 and p < 0.01, respectively). These results suggest that LL-KF140 reduces the absorption of CML and prevents the accumulation of AGEs in liver tissue.



Effect of LL-KF140 on Serum Nε -(Carboxymethyl)lysine Levels in Humans

To evaluate whether LL-KF140 could inhibit the absorption of CML in humans, blood tests were performed after LL-KF140 intake for 26 days, followed by the ingestion of a parmesan cheese. Figure 3A depicts that the intake of CML contained parmesan cheese gradually elevated CML levels until 8 h, and then the levels returned to the initial values within 24 h. However, after LL-KF140 consumption for 26 days resulted in significantly lower CML levels (p < 0.001) than those in the untreated group over the period of observation (Figure 3A).
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FIGURE 3. Effect of ingesting Lactococcus lactis KF140 (LL-KF140) on serum levels of Nε -(Carboxymethyl)lysine (CML) in human subjects. (A) Serum CML levels after intake of a CML-enriched parmesan cheese, before and 26 days after LL-KF140 administration. Serum concentrations of (B) HbA1c, (C) AST, and (D) ALT. (E) Relative abundances of L. lactis in stool samples of human subjects before and after LL-KF140 administration. Data are presented as the mean ± SEM (n = 11). *p < 0.05, ***p < 0.001 (paired two-tailed Student’s t-test).


The HbA1c and AST levels were not significantly changed by LL-KF140 administration (from 5.0 to 4.7% and from 19.1 to 15.4 U/L, respectively) (Figures 3B,C). However, the levels of ALT (p < 0.001) and LDL-C (p < 0.01) were significantly reduced upon LL-KF140 intake, from 30.5 to 17.5 and from 115.3 to 95.5 U/L, respectively (Figure 3D and Supplementary Table 4).



Changes in the Fecal Microbiota

To assess whether orally administered LL-KF140 affects the gut microbiota composition, the presence of LL-KF140 was determined in fecal samples of the human participants. LL-KF140 was not detected in stool samples before the ingestion; however, 26 days after treatment, LL-KF140 was observed in the assessed stool samples (Figure 3E). Moreover, the administration of LL-KF140 changed the abundances of 11 gut microbes at the species level (Supplementary Table 5). These results indicate that prolonged consumption of LLF-KF140 lower blood CML level after the consumption of CML-reach food.



Effect of LL-KF140 Enzyme Activity on Nε -(Carboxymethyl)lysine Levels

To elucidate the mechanism of action of LL-KF140 in lowering CML levels, we determined whether the reduction in CML levels by LL-KF140 could be due to enzymatic activity. As shown in Figure 4A, the levels of CML were significantly reduced (p < 0.001) after the incubation of either the CLRP or synthetic CML with an LL-KF140 culture supernatant. However, heat inactivation of the LL-KF140 culture medium significantly suppressed its CML-reducing efficacy (p < 0.001; Figure 4B). Moreover, the effect of the LL-KF140 culture supernatant in reducing CML levels was significantly weakened under acidic and alkaline pH conditions (p < 0.01 and p < 0.001, respectively; Figure 4C). We hypothesized that the CML-lowering effect of LL-KF140 was associated with an enzyme activity. Eight enzymes (Figure 4D) which were commonly secreted by three CML-reducible bacteria strains, Lacticaseibacillus paracasei KF00816, Lactiplantibacillus pentosus KF8, and Bacillus subtilis KF11, but not by Leuconostoc mesenteroides and Weissella cibaria, which did not reduce CML levels (data not shown). Among the eight enzymes, only β-galactosidase (2 and 4 U/mL) significantly reduced the levels of CML (by 35 and 55%, respectively) compared with that in the synthetic CML group (Figure 4E). We further confirmed, using HPLC-ESI-MS, that β-galactosidase treatment significantly reduced the contents of CML and Nε -(carboxyethyl)lysine (CEL) (p < 0.001 and p < 0.01, respectively; Figure 4F).
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FIGURE 4. In vitro effects of the Lactococcus lactis KF140 (LL-KF140) culture supernatant and related enzymes on Nε -(Carboxymethyl)lysine (CML) levels. (A) CML levels in the casein-lactose reaction product (CLRP) and synthetic CML after incubation with the LL-KF140 supernatant. (B) Effects of the LL-KF140 supernatant, with and without heat inactivation, on CML levels. (C) Effects of the LL-KF140 supernatant on CML levels under different pH conditions. (D) Selected enzymes that could potentially reduce the levels of CML. (E) Effects of LL-KF140-producing enzymes on CML levels. (F) Effects of β-galactosidase on CML and Nε -(carboxyethyl)lysine (CEL) levels. Data are presented as the mean ± SD (n = 3). **p < 0.01, ***p < 0.001 (one-way ANOVA, followed by Tukey’s test, or a paired two-tailed Student’s t-test).





DISCUSSION

It has been reported that different kinds of beneficial commensal lactobacilli are part of the normal intestinal microbiota and play an important role in human health by preventing intestinal infections, lowering cholesterol levels, stimulating the immune system, and reducing the risk of colon cancer (19). Probiotic bacteria produce lactic acid and other organic acids, reduce the pH of the microenvironment, and tend to prevent the growth of gram-negative bacteria that contain lipopolysaccharides (20). These commensal bacteria also produce antimicrobial compounds, such as bacteriocins, that can regulate the gut microbiota (21). Another function that is associated with intestinal microbes is detoxification. Many studies have reported a removal of heavy metals and toxic substances by probiotic microorganisms (22, 23). More studies should be performed to evaluate the action of dietary toxic substances and the possible role of probiotic bacteria in their detoxification.

Lactococcus lactis strains have been used to ferment foods for centuries and obtained a GRAS status from the Food and Drug Administration. In this study, LL-KF140, which did not show resistance to antibiotics, was isolated from kimchi. In addition, we prepared a dietary CML, termed the CLRP, at a concentration of 2.7 mg/mL through the reaction of a milk protein and a carbohydrate. As it grew, LL-KF140 reduced the CML content in the CLRP, not only in a nutritive medium but also in a non-nutritive medium. We demonstrated the efficacy of LL-KF140 in reducing CML levels in in vitro experiments and also investigated the toxicokinetics of CML after LL-KF140 administration in vivo.

An L. lactis strain has been reported to exert detoxification effects against xenobiotics (23, 24). In this study, to determine the effect of LL-KF140 on the toxicokinetics of CML, LL-KF140 was administered to rats at a dose of 2.0 × 108 CFU/kg for 14 days, followed by the administration of 10 mg/kg CLRP (82.4 ng CML/kg). In our CML-induced rat model, administration of LL-KF140 inhibited the accumulation of CML in the blood and liver and the expression of the RAGE in the liver but had no effect on serum AST, ALT, and lipid levels. Excessive consumption of AGEs by animals can cause the onset of liver inflammation, even in the absence of steatosis, which is considered to be due to the absorption of AGEs by liver tissue (25). In addition, increases in AGE levels and AGE–RAGE interactions increase the production of reactive oxygen species, expression of inflammatory markers, and activation of the NF-κB signaling pathway (26). Our findings suggest that LL-KF140 intake can potentially prevent the inflammatory response caused by CML consumption by suppressing CML accumulation and RAGE expression in liver tissues. Numerous studies, most of which have been conducted using high-fat diet-induced animal models and long-term intake of probiotics, have reported lowering effects of probiotics on the levels of cholesterol and liver damage parameters (27, 28). Similarly, in our human trial, after LL-KF140 intake for 26 days, followed by the ingestion of 40 g of a parmesan cheese containing 10 mg/g CML, serum CML, ALT, and LDL-C levels did not significantly increase; however, the levels of serum HbA1c, AST, TC, and TG were not affected. Therefore, additional studies are needed to determine the duration of LL-KF140 intake that would yield the most efficient results for serum biomarkers in animals and humans after CML administration. Furthermore, HbA1c is an index for evaluating chronic glycemia over approximately 3 months (29), and our findings suggest that HbA1c is not affected by short-term administration of LL-KF140.

In a human study, consumption of LL-KF140 for 26 days showed an efficacy in reducing serum CML level and determined to presence in feces through metagenomics sequencing. However, no significant difference was found in the correlation analysis between the reduction in CML and LL-KF140 administration. Incubation of the synthetic CML and CLRP with the supernatant of LL-KF140 resulted in the reduction of CML levels. However, heat treatment of the supernatant significantly weakened this effect, and the optimum efficacy was observed at pH 7. These data indicated that an enzyme activity was involved in the CML-reducing activity of LL-KF140, and the evaluation of eight L. lactis producing enzymes showed that β-galactosidase had the strongest effect. Furthermore, β-galactosidase significantly reduced the levels of CML and CEL during incubation with the CLRP. Similar to CML, CEL is also formed in both food and biological systems through the Maillard reaction, which combines reducing sugars and lysine to form Amadori products, and CEL also induces an inflammatory response via RAGE signaling (30). Galactosidase has great potential in both medical and biotechnological applications and great utility in the food industry (31, 32). Based on our findings, we suggest a broader use of probiotics, including LL-KF140, in medical and biotechnological applications because of their CML-reducing properties, which are associated with β-galactosidase, although further investigations are required in larger study cohorts using a blinded, placebo-controlled design. Thus, it is necessary to present the correlation between bacterial diversity, galactosidase activity, and changes in blood CML level through additional animal experiments in the future.



CONCLUSION

The main finding of the study was that β-galactosidase, which is produced by LL-KF140, was able to reduce the levels of two AGEs. This study is the first to demonstrate that LL-KF140 reduces CML levels or absorption owing to the activity of β-galactosidase. In addition, prolonged consumption of LL-KF140 is associated with the lower level of CML in blood after the consumption of CML-reach food and that the presence in the gut microbiota. However, further studies are needed to elucidate the mechanisms of action of galactosidase and establish the dosage and duration of LL-KF140 intake.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below:

https://figshare.com/, 19555408

https://www.ncbi.nlm.nih.gov/genbank/, PRJNA699930.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Review Board (IRB) of the Daegu Haany University Korean Medicine Hospital (Daegu, South Korea) (IRB approval number: DHUMC-D-17029). The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Institutional Animal Care and Use Committee (IACUC) of the Laboratory Animal Center of the Daegu-Gyeongbuk Medical Innovation Foundation (DGMIF) and approved by the IACUC of the Laboratory Animal Center of the DGMIF (DGMIF-17040502-00). Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

H-YP, HL, and YK provided major input into the conceptual development of the studies, analyzed the collected data, wrote the manuscript, and supervised all of the investigations. H-YP, M-JO, SH, and ED managed and treated the enrolled patients and collected the data. S-YL, HL, JH, and MP conducted formal analysis. K-WL and M-HN reviewed the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the Main Research Program (E0210203-02) of the Korea Food Research Institute (KFRI) and the Technology Transfer and Commercialization Program (2021-JB-RD-0097) of the INNOPOLIS Foundation funded by the Ministry of Science and ICT.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.916262/full#supplementary-material


FOOTNOTES

1
https://www.ezbiocloud.net/

2
https://www.genome.jp/tools-bin/clustalw

3
www.r-project.org


REFERENCES

1. Bhardwaj S, Passi SJ, Misra A, Pant KK, Anwar K, Pandey RM, et al. Effect of heating/reheating of fats/oils, as used by Asian Indians, on trans fatty acid formation. Food Chem. (2016) 212:663–70. doi: 10.1016/j.foodchem.2016.06.021

2. Gill V, Kumar V, Singh K, Kumar A, Kim JJ. Advanced glycation end products (ages) may be a striking link between modern diet and health. Biomolecules. (2019) 9:888. doi: 10.3390/biom9120888

3. Wilson KM, Mucci LA, Rosner BA, Willett WC. A prospective study on dietary acrylamide intake and the risk for breast, endometrial, and ovarian cancers. Cancer Epidemiol Biomark Prev. (2010) 19:2503–15. doi: 10.1158/1055-9965.Epi-10-0391

4. Leung C, Herath CB, Jia ZY, Andrikopoulos S, Brown BE, Davies MJ, et al. Dietary advanced glycation end-products aggravate non-alcoholic fatty liver disease. World J Gastroenterol. (2016) 22:8026–40. doi: 10.3748/wjg.v22.i35.8026

5. Uribarri J, Woodruff S, Goodman S, Cai WJ, Chen X, Pyzik R, et al. Advanced glycation end products in foods and a practical guide to their reduction in the diet. J Am Dietetic Assoc. (2010) 110:911–6. doi: 10.1016/j.jada.2010.03.018

6. Nowotny K, Schroter D, Schreiner M, Grune T. Dietary advanced glycation end products and their relevance for human health. Ageing Res Rev. (2018) 47:55–66. doi: 10.1016/j.arr.2018.06.005

7. Davis KE, Prasad C, Vijayagopal P, Juma S, Adams-Huet B, Imrhan V. Contribution of dietary advanced glycation end products (age) to circulating age: role of dietary fat. Br J Nutr. (2015) 114:1797–806. doi: 10.1017/s0007114515003487

8. Zhao LL, Wei JY, Zhao HF, Zhu BQ, Zhang BL. Detoxification of cancerogenic compounds by lactic acid bacteria strains. Crit Rev Food Sci Nutr. (2018) 58:2727–42. doi: 10.1080/10408398.2017.1339665

9. Muhialdin BJ, Saari N, Hussin ASM. Review on the biological detoxification of mycotoxins using lactic acid bacteria to enhance the sustainability of foods supply. Molecules. (2020) 25:2655. doi: 10.3390/molecules25112655

10. Cuevas-Gonzalez PF, Aguilar-Toala JE, Garcia HS, Gonzalez-Cordova AF, Vallejo-Cordoba B, Hernandez-Mendoza A. Protective effect of the intracellular content from potential probiotic bacteria against oxidative damage induced by acrylamide in human erythrocytes. Probiotics Antimicrob Proteins. (2020) 12:1459–70. doi: 10.1007/s12602-020-09636-9

11. Bisanz JE, Enos MK, Mwanga JR, Changalucha J, Burton JP, Gloor GB, et al. Randomized open-label pilot study of the influence of probiotics and the gut microbiome on toxic metal levels in tanzanian pregnant women and school children. mBio. (2014) 5:e1580–1514. doi: 10.1128/mBio.01580-14

12. Kim OS, Cho YJ, Lee K, Yoon SH, Kim M, Na H, et al. Introducing eztaxon-E: a prokaryotic 16s Rrna gene sequence database with phylotypes that represent uncultured species. Int J Syst Evol Microbiol. (2012) 62:716–21. doi: 10.1099/ijs.0.038075-0

13. Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol Biol Evol. (1987) 4:406–25. doi: 10.1093/oxfordjournals.molbev.a040454

14. Felsenstein J. Confidence limits on phylogenies: an approach using the bootstrap. Evolution. (1985) 39:783–91. doi: 10.1111/j.1558-5646.1985.tb00420.x

15. Ahmed N, Argirov OK, Minhas HS, Cordeiro CAA, Thornalley PJ. Assay of advanced glycation endproducts (ages): surveying ages by chromatographic assay with derivatization by 6-aminoquinolyl-N-hydroxysuccinimidyl-carbamate and application to N-epsilon-carboxymethyl-lysine- and N-epsilon-(1-carboxyethyl)lysine-modified albumin. Biochem J. (2002) 364:1–14. doi: 10.1042/bj3640001

16. Hellwig M, Witte S, Henle T. Free and protein-bound maillard reaction products in beer: method development and a survey of different beer types. J Agric Food Chem. (2016) 64:7234–43. doi: 10.1021/acs.jafc.6b02649

17. Fu LM, Niu BF, Zhu ZW, Wu ST, Li WZ. Cd-Hit: accelerated for clustering the next-generation sequencing data. Bioinformatics. (2012) 28:3150–2. doi: 10.1093/bioinformatics/bts565

18. Edgar RC. Search and clustering orders of magnitude faster than blast. Bioinformatics. (2010) 26:2460–1. doi: 10.1093/bioinformatics/btq461

19. Nazir Y, Hussain SA, Hamid AA, Song YD. Probiotics and their potential preventive and therapeutic role for cancer, high serum cholesterol, and allergic and HIV diseases. Biomed Res Int. (2018) 2018:3428437. doi: 10.1155/2018/3428437

20. Moludi J, Maleki V, Jafari-Vayghyan H, Vaghef-Mehrabany E, Alizadeh M. Metabolic endotoxemia and cardiovascular disease: a systematic review about potential roles of prebiotics and probiotics. Clin Exp Pharmacol Physiol. (2020) 47:927–39. doi: 10.1111/1440-1681.13250

21. Drago L. Probiotics and colon cancer. Microorganisms. (2019) 7:66. doi: 10.3390/microorganisms7030066

22. Abdel-Megeed RM. Probiotics: a promising generation of heavy metal detoxification. Biol Trace Element Res. (2021) 199:2406–13. doi: 10.1007/s12011-020-02350-1

23. Srednicka P, Juszczuk-Kubiak E, Wojcicki M, Akimowicz M, Roszko ML. Probiotics as a biological detoxification tool of food chemical contamination: a review. Food Chem Toxicol. (2021) 153:112306. doi: 10.1016/j.fct.2021.112306

24. Collins SL, Patterson AD. The gut microbiome: an orchestrator of xenobiotic metabolism. Acta Pharm Sin B. (2020) 10:19–32. doi: 10.1016/j.apsb.2019.12.001

25. Snelson M, Coughlan MT. Dietary advanced glycation end products: digestion, metabolism and modulation of gut microbial ecology. Nutrients. (2019) 11:215. doi: 10.3390/nu11020215

26. Rungratanawanich W, Qu Y, Wang X, Essa MM, Song BJ. Advanced glycation end products (ages) and other adducts in aging-related diseases and alcohol-mediated tissue injury. Exp Mol Med. (2021) 53:168–88. doi: 10.1038/s12276-021-00561-7

27. Lee NY, Yoon SJ, Han DH, Gupta H, Youn GS, Shin MJ, et al. Lactobacillus and Pediococcus ameliorate progression of non-alcoholic fatty liver disease through modulation of the gut microbiome. Gut Microbes. (2020) 11:882–99. doi: 10.1080/19490976.2020.1712984

28. Wang G, Jiao T, Xu Y, Li D, Si Q, Hao J, et al. Bifidobacterium adolescentis and Lactobacillus rhamnosus alleviate non-alcoholic fatty liver disease induced by a high-fat, high-cholesterol diet through modulation of different gut microbiota-dependent pathways. Food Funct. (2020) 11:6115–27. doi: 10.1039/c9fo02905b

29. Nathan DM, Kuenen J, Borg R, Zheng H, Schoenfeld D, Heine RJ, et al. Translating the A1c assay into estimated average glucose values. Diabetes Care. (2008) 31:1473–8. doi: 10.2337/dc08-0545

30. Sternberg Z, Hennies C, Sternberg D, Wang P, Kinkel P, Hojnacki D, et al. Diagnostic potential of plasma carboxymethyllysine and carboxyethyllysine in multiple sclerosis. J Neuroinflamm. (2010) 7:72. doi: 10.1186/1742-2094-7-72

31. Aulitto M, Fusco S, Fiorentino G, Limauro D, Pedone E, Bartolucci S, et al. Thermus thermophilus as source of thermozymes for biotechnological applications: homologous expression and biochemical characterization of an alpha-galactosidase. Microb Cell Fact. (2017) 16:28. doi: 10.1186/s12934-017-0638-4

32. Li SY, Zhu XJ, Xing MXA. New beta-galactosidase from the Antarctic bacterium Alteromonas Sp. Ant48 and its potential in formation of prebiotic galacto-oligosaccharides. Marine Drugs. (2019) 17:599. doi: 10.3390/md17110599


Conflict of Interest: MP was employed in MetaCenTherapeutics.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Park, Lee, Lee, Oh, Ha, Do, Lee, Hur, Lee, Nam, Park and Kim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnut-09-916262-g004.jpg
>
W
(@

Q0
[ ]
*
*
*

}'

*kk

(=2)
[l

] =

'
[ ]

N
1

N
x

ML concentration (png/mL)
CML concentration (png/mL)
i

CML concentration (ng/mL)

o

O 0-
LL-KF140 sup: - -+ - +
CLRP: + + - - c® dsfb

CML STD: . - + + o

b 4
S
0

%

'),;o
‘S}z
"o
<:~o‘9
6"0
%
Vo)

Leuconostoc
KFS8 mesenteroides

KF11

Lactic dehydrogenase
Fructose-6-phosphaste kinase
B-Galactosidase

Glucokinase

Glutamate dehydrogenase
D-Lactate dehydrogenase
Glutamate decarboxylase
UDP-glucose-4-epimerase

Weissella

e LL-KF140

PN RBENE

m
-

%%

—
o
J
-

B CLRP
Hl CLRP+galactosidase

ik =3 2U/mL 1400+
Em 4 U/mL 1200-
1000-
800-
600
200
150
100 -
50-
0_

o
|

CML concentration (pg/mL)
|
Concentration (ng/mL)

T
-
-
-
-
-
-
-
-

CML CEL

CML standard
Galactosidase
Glucokinase

Lactate dehydrogenase
Fructose-6-phosphate kinase
Glutamate dehydrogenase
D-Lactate dehydrogenase
Glutamate decarboxylase
UDP-glucose-4-epimerase





OPS/images/fnut-09-916262-g001.jpg
CML concentration (ug/mL)

100

g0~ Lactococcus lactis KF140
9 |l Lactococcus lactis subsp. lactis JCM5805
90| L Lactococcus lactis subsp. hordniae NBRC1009317

Lactococcus lactis subsp. cremoris NCDO 6077

59

991 Lactococcus lactis subsp. tructae L1057

Lactococcus taiwanensis 0905C157

Lactococcus hircilactis 1177

Lactococcus fujiensis JCM 16395 T

100 21 |
77

Lactococcus nasutitermitis M197

Lactococcus formosensis 5167

100 _‘— Lactococcus garvieae subsp. garvieae ATCC 491567

1001 Lactococcus petauri 1594697

Lactococcus plantarum NBRC 1009367

Floricoccus tropicus DF17T

Streptococcus agalactiae ATCC13813T

69
100 _| Streptococcus saliviloxodontae NUM6306"
o] Streptococcus equinus ATCC9812"
_
0.005
C D
< 0.001 vs 0 min 0 150-
10 i L ! =
- % z
8- # = o 2=
- a £ 2 100
S ® tE
6- ° © = ®o0
Q S S
O -@- Bacterial growth = 2 e
4_ — O =) 50_
@ -o- CML S = S
2- < E o
3 '
0 ‘ 1 | | | | I 1 0.0 I I | 1 | 0 l:— ¢
0 20 40 60 80 100 120 140 0 10 20 30 40 30 LL-KF140 :
Reaction time (min) Incubation time (h) MRS broth:

+

*k%k

*%






OPS/images/fnut-09-916262-g002.jpg
A
7 6= -O0- Normal
.g = CLRP
2 % CLRP+LL-KF140 =
= 4- x
§°) I
3 E
5 g
3 <
—
=
O 0 | | | | | | | | | n
5 10 15 20 25 Normal CLRP CLRP+LL-KF140
Time (h)
B
Normal CLRP CLRP+LL-KF140
"
- e - S I
* % * %

250

- - N
o 4y o
o o o
| | |

(% of Normal)
o
o
|

CML/B-actin
(% of Normal)
RAGE/B-actin

()
o
|

o
|

Normal CLRP CLRP+LL-KF140 Normal CLRP CLRP+LL-KF140





OPS/images/fnut-09-916262-g003.jpg
N W e

CML concentration (ng/mL) *»

-~ Untreated
-2 LL-KF140

6.5-
6.0-
5.5+
5.0-
4.5-
4.0-
3.5-

HbA1c (%)

O

100+

80+

60+

ALT (U/L)

40~

Time (h)

p=0.2628

Untreated

LL-KF140

Untreated

LL-KF140

m

Relative abundance

—

ratio (%

AUC (ng/mL x h)
=

AST (U/L)

N
o
1

A
(&)}
i

0.06-

0.04-

0.02-

LL-KF140

Untreated

p=0.0651

Untreated LL-KF140

0.00

T
Untreated LL-KF140





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Lactococcus lactis KF140 Reduces Dietary Absorption of Nε - (Carboxymethyl)lysine in Rats and Humans via β-Galactosidase Activity



		INTRODUCTION



		MATERIALS AND METHODS



		Isolation and Phylogenetic Analysis of Strain KF140 as Lactococcus lactis (LL-KF140)



		Preparation of Nε-(Carboxymethyl)lysine and a Nε-(Carboxymethyl)lysine-Enriched Casein–Lactose Reaction Product



		Hydrolysis of Advanced Glycation Ends From Casein for Quantification



		High-Performance Liquid Chromatography–Electrospray Ionization Mass Spectrometry



		Analysis of LL-KF140 Microbial and Enzymatic Reactions With Nε-(Carboxymethyl)lysine in vitro



		Animal Study Design



		Western Blotting



		Human Participants and the Clinical Trial



		Determination of Serum Levels of Nε -(Carboxymethyl)lysine and Biomarkers



		Stool 16S rRNA and Metagenomics Sequencing



		Statistical Analysis







		RESULTS



		Identification of LL-KF140



		In vitro Reduction of the Nε -(Carboxymethyl)lysine Level by LL-KF140



		In vivo Inhibition of Nε -(Carboxymethyl)lysine Absorption by LL-KF140



		Effect of LL-KF140 on Serum Nε -(Carboxymethyl)lysine Levels in Humans



		Changes in the Fecal Microbiota



		Effect of LL-KF140 Enzyme Activity on Nε -(Carboxymethyl)lysine Levels







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Lactococcus lactis KF140
Reduces Dietary Absorption of
N - (Carboxymethyl)lysine
in Rats and Humans via
p-Galactosidase Activity









OPS/images/logo.jpg
P frontiers | Frontiers in Nutrition





