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Folate derivatives, 5-methyltetrahydrofolate
and 10-formyltetrahydrofolate, protect BEAS-2B cells from high
glucose-induced oxidative stress and inflammation
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Abstract

Folate (vitamin B,) and its biologically active derivatives are well-known antioxidant molecules protecting cells from oxida-
tive degradation. The presence of high glucose, often found in diabetic patients, causes oxidative stress resulting in cellular
stress and inflammatory injury. Cells in organs such as the lung are highly prone to inflammation, and various protective
mechanisms exist to prevent the progressive disorders arising from inflammation. In the present study, the synthetic form of
folate, i.e. folic acid, and active forms of folate, i.e. 5-methyltetrahydrofolate and 10-formyltetrahydrofolate, were evaluated
for their antioxidant and antiinflammatory potential against high glucose (50 mM)-mediated oxidative stress and inflamma-
tion in BEAS-2B cells, an immortalised bronchial epithelial cell line. High glucose treatment showed a 67% reduction in
the viability of BEAS-2B cells, which was restored to the viability levels seen in control cultures by the addition of active
folate derivatives to the culture media. The DCFH-DA fluorometric assay was performed for oxidative stress detection. The
high glucose—treated cells showed a significantly higher fluorescence intensity (1.81- and 3.8-fold for microplate assay and
microscopic observation, respectively), which was normalised to control levels on supplementation with active folate deriva-
tives. The proinflammatory NF-kB p50 protein expression in the active folate derivative—supplemented high glucose—treated
cells was significantly lower compared to the folic acid treatment. In support of these findings, in silico microarray GEN-
VESTIGATOR database analysis showed that in bronchiolar small airway epithelial cells exposed to inflammatory condi-
tion, folate utilization pathway genes are largely downregulated. However, the folate-binding protein gene, which encodes
to the folate receptor 1 (FOLR1), is significantly upregulated, suggesting a high demand for folate by these cells in inflam-
matory situations. Supplementation of the active folate derivatives 5-methyltetrahydrofolate and 10-formyltetrahydrofolate
resulted in significantly higher protection over the folic acid from high glucose—induced oxidative stress and inflammation.
Therefore, the biologically active folate derivatives could be a suitable alternative over the folic acid for alleviating inflam-
matory injury-causing oxidative stress.
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Introduction

Folate (vitamin By) is a well-known antioxidant molecule
where the biologically active derivatives of this vitamin, the
tetrahydrofolate (THF) forms, have significantly higher antioxi-
dant activity which is comparable to those of other antioxidant
molecules such as ascorbic acid (vitamin C) (Gliszczynska-
swiglo 2007). This vitamin plays an inevitable role in one-
carbon metabolism, nucleic acid synthesis, and methylation
of DNA, apart from acting as co-factor and co-substrate of
many reactions (Stanger 2002). Occurrence of neural tube
defects (NTD), anaemia, and numerous other adverse health
conditions such as cardiovascular disease and cancer have been
linked to folate deficiency (Chanarin et al. 1958; Medical
Research Council [MRC] Vitamin Study Group 1991; Lee et
al. 2011). In nature, the folates exist as polyglutamate forms,
and the major forms of food folates are identified as 5-methyl-
tetrahydrofolate (5-MTHF; 5-CH;-H,folate), 5-formyltetrahy-
drofolate, and 10-formylfolate (Vahteristo ez al. 1997; Pfeiffer
et al. 2015). In humans, it is mainly seen as 5S-MTHF (~80%
in serum), 5,10-methylene-THF, and 10-formyltetrahydrofolate
(10-FTHF; 10-HCO-Hfolate) (Stanger 2002). Membrane-
bound forms of high-affinity folate-binding proteins mediate
the transport of folate compounds across plasma membranes
in humans (Henderson 1990). As the cellular folate in the epi-
thelial cell is highly prone to degradation than in the blood-
stream, the folate receptor is highly expressed in epithelial cells
to meet the increased demand for folate (Weitman et al. 1992).
The bronchial epithelial cells are the frontline of cells in the
lung that are actively involved in preventing the entrance of
foreign molecules and pathogens into the lung (Nicod 1999).
Hence, these cells are constantly subjected to inflammatory
stress arising from reactive oxygen species (ROS) production
that is managed by the supply of antioxidant molecules such
as folates. Also, folate helps in the cell division required for
replenishing the lung epithelium as the wear and tear of the
lung epithelial cells are very high compared to those of the
cells of other organs in the body (Hamilton ez al. 2001).

ROS are involved in a wide spectrum of diseases, includ-
ing chronic inflammation. High glucose is one of the major
inflammatory agents shown to aggravate the inflammatory
condition by causing progressive apoptosis of the tissues
such as lung epithelial cells and related disorders (Jansen
et al. 2013; Rogliani et al. 2018). The adverse effects of
ROS make the person further susceptible to bacterial and
viral infections arising through the lung epithelium, includ-
ing COVID-19, and increase the morbidity risk (Zhu et
al. 2020). Folate is often found helpful in preventing and
ameliorating the pathogenesis associated with lung disor-
ders (Stidley et al. 2010). A study done amongst smokers
with inflammation revealed that those who had maintained
a better nutritional uptake and adequate serum folate levels

had a better lung function (Leng et al. 2017). Also, short-
term supplementation of folic acid in healthy overweight
subjects has revealed the potential role of folate as a thera-
peutic agent for inflammatory ailments (Solini et al. 2006).

Folic acid, the synthetic form of folate, itself is inactive
and is converted to its reduced active derivatives in vivo on
consumption via a series of enzymatic reactions (Bailey and
Ayling 2009). However, the efficiency of enzymatic conver-
sion of folic acid to its active forms in humans is very low
(Bailey and Ayling 2009). Methyl THFs are found to be a
suitable alternative for folic acid as these are the active form.
5-MTHF and vitamin B, supplementation increased the
bioavailability of active form of folate and reduced free radi-
cal cell injury in cystic fibrosis—affected children (Scambi et
al. 2009). Likewise, a high ratio of serum 5-MTHEF level is
positively associated with lung function (Han et al. 2020).

Although the antioxidant and antiinflammatory properties
of folate and its biologically active derivatives are known, no
information is available on the protective effect of folate sup-
plementation in reducing the proinflammatory oxidative stress
due to high glucose in lung epithelial cells. The present study
evaluated the protective effect of the active folate derivatives
over folic acid in high glucose—induced oxidative stress and
inflammation using the human bronchial epithelial BEAS-2B
cell line. The two most common natural folates, 5-MTHF and
10-FTHF, were used as the biologically active folate derivatives.
The high glucose-treated cells, supplemented with active folate
derivatives and folic acid, were investigated and compared for
the cell viability, intracellular ROS generation, and NF-xB p50
protein expression. In silico analysis of gene expression levels of
the folate-related genes was included in this study to understand
the folate demand in inflammatory conditions.

Materials and methods

Chemicals and reagents Folic acid and 5-MTHF disodium
salt were purchased from Sigma (Sigma—Aldrich, Mum-
bai, India). 10-FTHF was from Schircks Laboratories (Jona,
Switzerland). Dulbecco’s modified Eagle medium (DMEM),
minimum essential medium Eagle (MEM), phosphate-buff-
ered saline (PBS), penicillin—streptomycin solution, foetal
bovine serum (FBS), trypsin—-EDTA solution, bovine serum
albumin (BSA), and p-glucose were obtained from HiMedia
(Mumbai, India). Dichlorofluorescein diacetate (DCFH-DA)
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were procured from Sigma (Sigma—Aldrich,
India). Antibodies were procured from Cloud-Clone (Cloud-
Clone Corporation, Houston, TX).

Cell culture and treatment The BEAS-2B (ATCC CRL-9609)
cell line, derived from human bronchial epithelial cells, was
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purchased from American Type Culture Collection (ATCC)
(date obtained: 07 May 2019; ATCC, Manassas, VA; invoice
no. 1920063, Mercury Instruments and Chemicals, Mumbai,
India). The data of the authentication performed by the ATCC
for the cell line is available in the ATCC STR (short tandem
repeats) database. Furthermore, re-authentication (STR analysis)
of the cell line was performed by the National Centre for Cell
Science (NCCS), Pune, India, on 6 January 2022 (STR profile
report, Supplementary Data, Fig. 1). The stocks of the BEAS-
2B cells were cryopreserved from the initial passage received
and were verified for the absence of mycoplasma contamination
using DAPI staining and fluorescent microscopy (Jung et al.
2003). All experiments were performed with mycoplasma-free
cells from the original stocks for a maximum of 15 passages.
The BEAS-2B cells were maintained in DMEM containing
10% FBS, penicillin 100 ITU/mL, and streptomycin 100 pg/mL
in a humidified atmosphere containing 5% CO, in air at 37 °C
(Park et al. 2008). The culture medium was changed every
48 h, and the cells were subcultured every week at a 1:20 split
ratio by treatment with the trypsin—EDTA solution (do Carmo
et al. 2020). Cells were plated for 24 h before different treat-
ments at the indicated concentrations for the various assays.
Co-treatments of BEAS-2B cells with high glucose and folates
were performed in serum-free media (MEM containing 5 mM
glucose). Untreated BEAS-2B cells served as control, and the
cells treated with 50 mM p-glucose for 24 h were considered the
hyperglycaemic group (Zhang et al. 2019). Working solutions of
folic acid and biologically active folate derivatives were made
freshly by dissolving each folate form in 0.1 M potassium phos-
phate (pH 8-8.5) buffer (Osseyi et al. 2001). The folate content
in the DMEM medium (0.004 g/L) was considered the base
level of folate concentration. The twofold and threefold higher
concentrations of folic acid than the base level, i.e. 0.008 and
0.012 g/L., were chosen for the folate supplementation studies.
The effective folate concentration was used for further studies
with the active folate derivatives.

Cell viability test Cell viability was measured by the MTT assay
according to Park ef al. (2008). Cells were seeded on 96-well
microtiter plates with 2x 10* cells in 100 pL media per well.
After 24 h of stabilisation, cells were exposed to 50 mM glu-
cose co-treated with folic acid (0.008 and 0.012 g/L) for 24 h.
At the end of the exposure, 40 uL of MTT solution (2 mg/mL)
was added, and the cells were incubated for 4 h at 37 °C. Media
were discarded and the purple formazan crystals formed were
dissolved with 200 pL of dimethyl sulfoxide (DMSO), and
the absorbance was read at 540 nm using the Epoch micro-
plate spectrophotometer system (BioTek, Winooski, VT). The
absorbance is directly proportional to the number of viable cells.
The viability of the treated group was expressed as a percent-
age of the non-treated control group, which was assumed to be
100%. Cell viability assay for the active folate derivatives, i.e.
5-MTHF and 10-FTHF (0.012 g/L), was also carried out in the

same manner to ascertain the protective effect of the biologically
active forms of folate.

Determination of folate antioxidant activity The high glucose—
induced ROS generation was assessed using the intracellular
oxidation of DCFH-DA, a fluorogenic dye (John and Arocki-
asamy 2021). BEAS-2B cells (1.67x 10° cells) were plated onto
glass coverslips (24 X24 mm) and incubated overnight. Cells
grown to the confluence were co-treated with 50 mM glucose
and two different concentrations of folic acid (0.008 g/L and
0.012 g/L) for 24 h, washed with PBS, and then incubated with
20 uM DCFH-DA for 30 min at 37 °C. At the end of DCFH-DA
incubation, cells were washed with PBS and lysed with 1 mL
of NaOH (1 M) solution, and the aliquots were transferred to a
black well plate. Then, the fluorescence of dichlorofluorescein
(DCF), the oxidised product of DCFH-DA, was measured using
a multimode plate reader (Infinite-M200 Pro, Tecan, Manne-
dorf, Switzerland) with excitation and emission wavelengths of
485 nm and 530 nm, respectively. Fluorescence intensity cor-
relates to ROS generation. Fluorescence generation was also
visualised directly after DCFH-DA incubation using a fluo-
rescence microscope (Olympus CKX53, Tokyo, Japan) with
excitation and emission wavelengths of 485 nm and 530 nm,
respectively, and an exposure time of 1/100 to 1/130 s, and quan-
tified using ImageJ software (NIH ImageJ: National Institute of
Health, Bethesda, MD, version 1.22). The fluorescence intensity
was represented as a percentage and was considered as 100% for
control. Experiments were repeated with 0.012 g/L active folate
derivatives (5-MTHF and 10-FTHF).

Western blot analysis The BEAS-2B cells were pre-
incubated for 24 h for stabilisation. The cells were then
treated with glucose (50 mM) in the presence of folic
acid and active derivatives of folate (0.012 g/L) for 24 h.
After incubation, the cells were collected and washed
twice with cold PBS. Protein samples were prepared by
cell lysis using RIPA buffer containing protease inhibitor
cocktail (1:100 dilution; Sigma—Aldrich, India). The cell
lysates were centrifuged at 10,000 rpm (C-30 Plus, REMI,
Mumbai, India) and 4 °C for 10 min, and the supernatants
were collected and immediately used for analysis. Protein
concentration in cell lysate was measured by the Bradford
method (Bradford 1976). Aliquots of the lysates (25-30 pg
of protein) were separated on 10% SDS—polyacrylamide
gels and transferred onto polyvinylidene fluoride (PVDF)
membranes (Bio-Rad, Hercules, CA) with glycine trans-
fer buffer (192 mM glycine, 25 mM Tris—HCI (pH 8.8),
and 20% methanol (v/v)). After blocking non-specific sites
with 5% BSA in Tris-buffered saline 0.1% polysorbate 20
(TBST), the membrane was incubated overnight at 4 °C
with the NF-xB p50 (NF-kB1) primary antibody. Each
membrane was further incubated for 1 h with a second-
ary horseradish peroxidase—linked guinea pig anti-rabbit
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antibody. Immunoreactive proteins were detected using
an enhanced chemiluminescence detection kit (ECL; Bio-
Rad, Hercules, CA). Densitometric analysis was carried
out to calculate the protein band intensity using Image
Lab software (ImageLab, version 4.1, Bio-Rad), and the
results were normalised to control antibody, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH).

In silico gene expression analysis Important genes in the folate
metabolism (DHFR (dihydrofolate reductase), TYMS (thymi-
dylate synthase), MTHFR (methylenetetrahydrofolate reduc-
tase), MTR (5-methyltetrahydrofolate-homocysteine meth-
yltransferase)) as well as the folate uptake—associated gene
(FOLRY1), in the lung epithelial cell, were analysed for their
change in expression under the inflammation-inducing condi-
tion. Screening of the targeted gene expression profile was done
with the help of GENEVESTIGATOR, the online expression
database for the meta-analysis of transcriptomes (Hruz et al.
2008). Briefly, under the human gene panel tool, the perturba-
tion option was chosen for the respective gene selection. The
study number HS-00565(2) (smoking study 31/smoking
study 30) was selected as the source study for in silico analy-
sis. The selected study in the Genevestigator tool compares the
gene expression of tracheal epithelial cells of control group (tra-
cheal epithelial cells from healthy smokers) to gene expression
of bronchiolar small airway epithelial cells of an experimental
group (bronchiolar small airway epithelial cells from healthy
smokers) and displays the RNA expression values which were
used for the present study.

Statistical analysis All data are presented as mean+ SD and are
the results of three independent experiments. The significance
of the values was analysed by one-way ANOVA followed by
Tukey’s test using Prism 5 software. p <0.05 was considered to
be statistically significant.

Results

Effect of folates on cell viability The cell viability data is
presented in Fig. 1A and Fig. 2A. The viability of 50 mM
glucose—treated BEAS-2B cells significantly decreased to
67% of control. Supplementation of high glucose medium
with folic acid at 0.008 g/L and 0.012 g/L restored the cell
viability to 72% and 89% respectively of control, suggest-
ing that folic acid offered dose-dependent protection to
BEAS-2B cells against high glucose—induced cytotoxic-
ity (Fig. 1A). The viability of cells further improved and
restored to the viability levels seen in control cultures on the
addition of active folate derivatives (5-MTHF and 10-FTHF
at 0.012 g/L) to the culture media (Fig. 2A4). Therefore, the
result suggests that the supplementation of biologically

active folate derivatives offered a better protective effect
against the cytotoxicity over folic acid.

Suppression of total ROS generation The BEAS-2B cells
exposed to 50 mM glucose exhibited a 2.4-fold higher
fluorescence intensity of oxidised DCF when compared
with the control (Fig. 1B), indicating that the treatment
with high glucose augmented the ROS generation in the
cells. The supplementation of high glucose—treated cells
with 0.008 g/L folic acid did not show any significant sup-
pression of ROS generation, and the fluorescence intensity
remained similar to high glucose—treated cells. Supplemen-
tation of 0.012 g/L folic acid showed a slight suppression
(~25%) in the fluorescence intensity in high glucose—treated
cells, which continued to remain 1.81-fold higher than the
control cells (Fig. 1B). On the other hand, the fluorescence
intensity of the high glucose—treated cells supplemented
with active folate derivatives (5-MTHF and 10-FTHF) at
0.012 g/L was similar to control, suggesting that the folate
derivatives were able to prevent the induction of ROS pro-
duction (Fig. 2B). Observations obtained from the micro-
scopic fluorescence corroborated the results obtained with
the fluorescent microplate reader method of DCFH-DA
assay (Fig. 1C; Fig. 2C). The high glucose—treated cells
showed a 3.8-fold higher fluorescence intensity compared to
control. As observed with the microplate reader assay, the
fluorescence intensity of the 0.012 g/L folic acid—supple-
mented high glucose—treated cells showed only a slight sup-
pression of about 24%, which remained 2.9-fold higher than
control (Fig. 1D). The fluorescence intensity of the high
glucose—treated cells supplemented with 0.012 g/L of both
the active folate derivatives was similar to control (Fig. 2D).
The results showed that while the folic acid offered little
protection against oxidative stress, the active derivatives of
folate were highly efficient in ROS quenching and prevented
ROS generation in high glucose—treated BEAS-2B cells.

NF-kB protein expression analysis The present study evalu-
ated the effect of folates on the expression of NF-kB P50
protein in high glucose—treated BEAS-2B cells (Fig. 3A).
The densitometric analysis of protein bands is presented in
Fig. 3B. The NF-xB P50 protein expression was about 31%
higher in high glucose—treated cells compared to control.
The expression of NF-kB P50 protein in 0.012 g/L folic
acid—supplemented high glucose—treated cells was com-
parable to control. However, the expression of the NF-kB
P50 protein in high glucose-treated cells supplemented
with 0.012 g/L of 5-MTHF and 10-FTHF was significantly
lower (60% and 44% respectively) than the control.

In silico microarray data of folate-related gene expres-
sion Microarray data available on the database Genevestiga-
tor was analysed for the expression of folate pathway-related
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Figure 1. Cell viability and A
ROS production in high glucose
(50 mM)—treated and folic acid
(FA) (0.008 and 0.012 g/L)—
supplemented BEAS-2B cells.
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presented as mean+ SD (n =3),
and the significance of the Control
values was analysed by one-way
ANOVA followed by Tukey’s
test (p <0.05). *p <0.05,

*#p <0.01, ***p <0.001.
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genes under the inflammatory condition in lung epithelial
cells. The comparison of the expression of important genes
of tracheal epithelial cells with bronchiolar small airway epi-
thelial cells in inflammatory conditions using the Genevesti-
gator study, HS-00565 (2) (smoking study 31/smoking study
30), revealed a six-fold higher expression of FOLR1, an
important folate uptake associated gene, in bronchiolar small
airway epithelial cells. Except for the MTR (methionine bio-
synthesis) gene that showed slight upregulation, the other
important genes in the folate utilisation pathway, i.e. TYMS
(the methyltransferase that contributes to the de novo mito-
chondrial thymidylate biosynthesis pathway) and MTHFR
(catalyses the conversion of 5,10-methylenetetrahydrofolate
to 5-methyltetrahydrofolate, a co-substrate for homocysteine
remethylation to methionine), were found to be significantly
downregulated in bronchiolar small epithelial cells (Fig. 4).
Microarray analysis using the Genevestigator tool also
showed the maximum expression of the folate transporter
gene in the lungs (Supplementary Data, Fig. 2).

Discussion

The high glucose level, often associated with diabetic con-
ditions, leads to oxidative stress and is identified as one of
the major inflammation-causing agents in the manifesta-
tion of diabetic complications (Giugliano et al. 1996). The
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high glucose treatment has been shown to promote ROS
generation and cell apoptosis (Zhang et al. 2019; Wu et
al. 2020). In the present study, performed with bronchial
epithelial cells, high glucose has been shown to induce
oxidative stress as indicated by the decrease in cell viabil-
ity, and increased fluorescence intensity in DCFH-DA-
treated cells. A similar increase in fluorescence intensity
due to ROS production has been reported in BEAS-2B
cells treated with cerium oxide nanoparticles (Park et al.
2008). The present study has shown that the supplementa-
tion of folates has a beneficial effect on reducing oxidative
stress and inflammation, which is in accordance with the
study by Feng ef al. (2011) on evaluating the inhibitory
effect of folic acid on lipopolysaccharide-induced inflam-
mation in RAW 264.7 cells. The present study also sug-
gests that biologically active folate derivatives, 5-MTHF
and 10-FTHF, provide better protection over folic acid.
The higher viability compared to control observed in
the cells treated with active folate derivatives (Fig. 2A)
could be due to fluctuations between experiments (+ SD).
However, the observation could also be attributed to the
significant protection imparted by the active folate deriv-
atives from ROS, as the antioxidant activity of active
folate derivatives is shown to be comparable to that of
ascorbic acid (vitamin C) and vitamin E (Gliszczynska-
swiglo, 2007). The results are supported by the earlier
observation (Gliszczynska-swiglo 2007) on evaluating the
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Figure 2. Cell viability and ROS production in BEAS-2B cells grown
in high glucose medium and supplemented with 0.012 g/L of folic
acid (FA) or active folate derivatives (5-MTHF and 10-FTHF). (A)
Percentage cell viability of high glucose—treated and folic acid and
folate derivative—supplemented cells. (B) Percentage ROS production
in high glucose-treated and folic acid and folate derivative—supple-
mented cells. (C) Microscopic images showing fluorescence inten-
sity of high glucose—treated and folic acid and active folate deriva-
tive—supplemented cells using DCFH-DA staining. (D) Quantification

antioxidant activity of folate, where the Trolox equivalent
antioxidant capacity (TEAC) assessment listed the much-
reduced activity of folic acid (0.06 +0.01) when compared
to the biologically active folate 5-MTHF (0.77 +0.04).
Folates (pteroylmonoglutamate, PteGlu) are made up of a
pterin moiety that is linked to p-aminobenzoic acid cou-
pled to the glutamate moiety (Gliszczynska-swiglo 2007).
In folic acid, the pterin moiety is fully oxidised and exists
as a fully double-bonded conjugated system, thereby mak-
ing folic acid electron-deficient, limiting its free radical
scavenging activity (Fig. 2E). When the pterin ring is in
its reduced form, as seen in the tetrahydrofolates, optimal
antioxidant activity is achieved, and it is presumed that an
electron-donating effect of the 5-amino groups is a major
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of ROS production in terms of fluorescence intensity of microscopic
images by Imagel] software. (E) Chemical structure of folic acid
and its active derivatives 5-MTHF (5-CH;-H,folate) and 10-FTHF
(10-HCO-Hfolate) (retrieved from PubChem). The results are pre-
sented as mean+SD (n=3), and the significance of the values was
analysed by one-way ANOVA followed by Tukey’s test (p <0.05).
*p<0.05, ¥**p<0.01, ***p<0.001 (Note: The data for 0.012 g/L
FA- supplemented high glucose—treated BEAS-2B cells is taken
from Fig. 1).

factor in the antioxidant activity of tetrahydrofolates (Rezk
et al. 2003).

Though acute inflammation is beneficial to the host,
chronic inflammation may predispose the host to vari-
ous chronic illnesses. Inflammatory cells produce soluble
mediators that activate signal transduction cascades as well
as induce changes in transcription factors, such as nuclear
factor KB (NF-kB), to coordinate immediate cellular stress
responses (Reuter et al. 2010; Xu et al. 2021). Hence, the
increased NF-kB p50 protein expression in the present study
signifies a plausible cause of inflammation by high glucose
treatment. A similar increase in NF-xB p50 gene expression
was observed by Aradjo et al. (2019) in rats with periodon-
tal disease, which was downregulated after treatment with
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Figure 3. Inhibitory effect
of folates (folic acid (FA), A 1 2 3 4 5
5-MTHF, and 10-FTHF;
0.012 g/L) supplementa-
tion on NF-kB p50 protein 50 kDa - T e « NF-«B p50

expression in high glucose

(50 mM)-treated BEAS-2B
cells.(A) Western blot analysis
to determine NF-xB p50 expres-
sion after 24-h treatment; 1.
Control, 2. 50 mM Glucose, 3.
50 mM Glucose+FA, 4. 50 mM
Glucose+5-MTHF, 5. 50 mM
Glucose+10-FTHF. (B) Quan-
tification of NF-xB p50 protein
bands normalised to GAPDH
using densitometric analysis by
Image Lab software. The results
are presented as mean +SD

(n =3) and the significance of
the values was analysed by one-
way ANOVA followed by Tuk-
ey’s test (p <0.05). *p<0.05,
**p <0.01, ¥**p <0.001.

Figure 4. In silico analysis of
relative expression of folate
pathway-related impor-

tant genes under the inflam-
matory condition in bronchi-
olar small airway epithelial cells
compared to tracheal epithelial
cells (Genevestigator study
number: HS-00565(2)). FOLRI1,
folate receptor alpha; DHFR,
dihydrofolate reductase;

TYMS, thymidylate synthase;
MTHFR, methylenetetrahy-
drofolate reductase; MTR,
5-methyltetrahydrofolate-
homocysteine methyltrans-
ferase. (A) Expression profile
presented as heat map generated
by Genevestigator. (B) Rela-
tive gene expression expressed
as fold change. All data were
normalised in the Genevestiga-
tor platform and the significance
of the values is represented

as *p<0.05, **p<0.01,

**%p <0.001.
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gliclazide, an anti-diabetic medication. The reduced expres-
sion of NF-kB p50 protein in high glucose—treated folate-
supplemented BEAS-2B cells in the present study indicates
the antioxidant potential of folates that can, in turn, turn
off cellular stress responses. The canonical and most com-
mon functional form of the NF-kB family is the p50-p65
dimer that drives the expression of proinflammatory genes.
It has been shown that by targeting NF-xB p50 protein, one
can attenuate inflammation through suppression of NF-xB
activation (Xia et al. 2004). The present study suggests
that a very low expression of NF-kB p50 protein in folate
derivative—supplemented cells can potentially inhibit NF-xB
activation by interfering with p50-p65 dimerisation, thus
suppressing inflammatory gene expression. As the active
folate derivatives showed a significantly reduced NF-kB p50
protein expression compared to folic acid, the results sug-
gest that the active folate derivatives could be an effective
alternative to folic acid as therapeutic agents for inflamma-
tory conditions.

As folates are prone to oxidative degradation, the stability
of the reduced folates decreases with the increase in reactive
oxygen species (ROS) in the cells, which necessitates an
increased demand for the biologically active form of folate.
In silico analysis showed a significant upregulation (six-
fold) of folate uptake gene (FOLRI) in bronchiolar small
airway epithelial cells in inflammatory condition, indicat-
ing a higher demand for folate by these cells when exposed
to inflammatory condition. Increased expression of FOLR1
by the bronchiolar small airway epithelial cells that are sub-
jected to oxidative stress or inflammation might be for the
uptake of available extracellular folate to alleviate the oxida-
tive stress—induced damage. This high uptake of folate by
the cells towards cytoprotection would leave a very scarce
supply of available folate for folate utilisation pathways,
making these pathway genes to get downregulated. This
suggests that very high folate levels are required to alle-
viate the oxidative stress—induced clinical manifestations.
To alleviate such oxidative stress seen in heart diseases and
stroke etc., higher doses, up to 5 mg/d of folic acid, have
been supplemented, which is fivefold higher than the upper
tolerable limit (Bailey and Ayling 2009). As the conversion
of folic acid to tetrahydrofolate form by the enzyme DHFR
in humans is about 2-3% in comparison to that in rat liver at
physiological pH, the high doses of folic acid administered
for therapeutic purposes will considerably escalate exposure
to circulating unmetabolised folic acid (Bailey and Ayling
2009). At amounts above 200 pg/d, folic acid itself is not
fully converted to its active derivatives and appears to be in
the unmetabolised form in plasma (Kelly et al. 1997). The
results of the present study conform to the earlier studies,
which have shown that 5-MTHF is more effective than folic
acid (Lamers et al. 2006). As the 5-MTHEF has a safe profile
for a higher dosage, its use in food ingredients as well as for

therapeutic purposes in place of folic acid is being supported
(Niederberger et al. 2019).

Dietary intake of antioxidants is a plausible and effective
way to augment and fortify endogenous defence systems
since many antioxidants act as free radical scavengers and
immunomodulators, resulting in cytoprotection. Being an
essential vitamin, humans cannot synthesise folate de novo
and they depend on plants and bacteria (Basset et al. 2002).
Green leafy vegetables, legumes, mushrooms, and the liver
are good sources of folates (Strain ef al. 2017). The results
from the present study suggest that the folate derivatives, i.e.
5-MTHF and 10-FTHF, demonstrate a promising capabil-
ity to reduce hyperglycaemia-induced oxidative stress and
inflammatory response of NF-kB expression in bronchial
epithelial BEAS-2B cells under high glucose culture.

Conclusions

In the present study, the folate derivatives S-MTHF and
10-FTHF were more effective than the folic acid in pro-
tecting high glucose—treated BEAS-2B cells. In high
glucose—treated cells, supplementation of active folate
derivatives restored the cell viability to control level. The
fluorescence intensity of the high glucose—treated cells
supplemented with both the active folate derivatives was
similar to control in DCFH-DA-treated cells. The in silico
analysis suggested a higher expression of FOLR1 in bron-
chiolar small airway epithelial cells under inflammatory
conditions, indicating a higher demand for folates by these
cells. The active folate derivatives provided better pro-
tection against inflammation as the expression of NF-kB
p50 in the active folate derivative—supplemented high glu-
cose—treated BEAS-2B cells was lower than in the folic
acid—supplemented cells. The study, therefore, suggests that
biologically active derivatives of folates could be a potential
alternative to folic acid for effective antioxidant and antiin-
flammatory applications.
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