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Abstract
The study evaluated the individual and combined influence of polyphenol 
(quercetin), prebiotic (galactooligosaccharide), probiotic (Lactobacillus 
acidophilus), and/ or postbiotic (inanimate Lactobacillus acidophilus) on the 
cellular oxidative status of CACO-2 intestinal epithelial cells. The CACO-2 
cells were treated with quercetin (1 µmol L-1), galacto oligo saccha ride  
(4 mg mL-1), Lactobacillus acidophilus (2 x 106 CFU mL-1), and/or 
inanimate Lactobacillus acidophilus (2 x 106 CFU mL-1) individually and 
in all combinations over twenty four hours. Cellular antioxidant capacities  
(DPPH radical scavenging activity, Oxygen Radical Absorbance Capacity, 
Total Peroxyl Trapping Potential, and Trolox Equivalent Antioxidant Capacity), 
antioxidant enzyme activities (superoxide dismutase and peroxidase), 
and oxidative damages (F2-isoprostanes and lipid hydroperoxides) 
were measured. Intracellular quercetin and total short-chain fatty acids  
(acetic, propionic, and butyric acids) were determined. Treatments with 
quercetin or inanimate Lactobacillus acidophilus exhibited significant 
greater cellular antioxidant effects compared to those without quercetin or 
inanimate Lactobacillus acidophilus. Antioxidant capacities of treatments with 
quercetin and inanimate Lactobacillus acidophilus were significantly stronger  
than those with either one. Quercetin and short-chain fatty acids 
accumulated into the CACO-2 cells incubated with quercetin and inanimate 
Lactobacillus acidophilus, respectively. Polyphenol, probiotic, and postbiotic, 
individually or inter dependently, influenced the oxidative status of intestinal  
epithelial CACO-2 cells and protected them from oxidative damage. 
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Introduction
Oxidative damage refers to the damage of cellular 
proteins, DNA, and membranes arising from  
the disturbances in cellular redox potential when 

elevated levels of reactive oxygen species (ROS) are 
not counter balanced.1 These ROS are abundant in 
the human gut and present an abusive, pro-oxidation 
environment which may be deleterious towards the 
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gut microbiota.2 Evidence suggests that the intestinal 
microbiota contributes to the metabolic health of the 
human host and, when aberrant, to the pathogenesis 
of various gut and metabolic disorders.3 Oxidative 
stress is implicated for the patho physiological of gut 
diseases such as inflammatory bowel disease and 
Irritable Bowel Syndromes.4 Combating oxidative 
stress generated in the gut may be instrumental  
in up keeping the gut microbiota and preventing  
the pathogenesis of various gut-related diseases.

Prebiotic, probiotic, postbiotic, and dietary 
polyphenols are commonly associated with gut 
health via their interactions with the gut microbiota.5-7 
Prebiotics are non-digestible food ingredients that 
are naturally occurring or selectively fermented. 
By causing specific composition changes and/
or activity of the gastrointestinal microbiota,  
the prebiotics promote the host health.8 There are 
many types of prebiotics, common ones used in 
food products are inulin, fructo oligo saccha rides 
(FOS), and galacto oligo saccha rides (GOS). 
Inulin and FOS have a linear chain of fructose 
with β(2→1) linkage and terminal glucose units.8  
Inulin has a DP of up to 60, while the DP of FOS  
is less than 10.8 GOS consists of two to nine β-(1→2 
or 3 or 4 or 6) linked galactose with terminal glucose.9 
Probiotics are essentially live microorganisms 
making up the human gut microflora.10 They help 
restore the healthy gut microbiota after dysbiosis. 
The most common probiotic strains present in 
food and supplements belong to those of the lactic 
acid bacteria, Lactobacillus, and Bifidobacterium 
species.10 Coincidentally, they colonize the healthy 
gut from birth.11 These probiotic strains are thought to 
alleviate different diseases via competitive inhibition 
of other microbes,12 improvement of mucosal barrier 
function,12 and interaction with dendritic cells.13 
Postbiotic is defined as dead microorganisms and 
their components that can confer a health benefit on 
the host.5 It is the soluble products or metabolic by 
products secreted by live bacteria or released after 
bacterial lysis, usually enzymes, bacterial peptides 
and proteins, poly saccha rides, and organic acids.5 
Short-chain fatty acids (SCFAs), such as acetic, 
propionic, and butyric acids, are organic acids 
commonly found in postbiotics.14 A total of fifty to 
one hundred mmol L−1 of these three saturated fatty 
acids are produced by the healthy gut microbiota 
daily.15 Dietary polyphenols are phytochemicals 

naturally present in plants. They are shown to 
interact extensively with the gut microbiota. Recent 
studies demonstrate that polyphenols improve 
gut health by increasing the relative abundance 
of lactic acid bacteria, such as bifidobacteria and 
lactobacilli.16  The colon microbiota, in turn, transform 
the dietary polyphenols into absorbable, bioactive 
organic acids.16

To date, the effects of prebiotics, probiotics, 
postbiotics, and dietary polyphenols on the oxidative 
environment in the gut are less studied inter 
dependently. These bioactives can be present 
together in the gut and may interact to modulate 
the oxidative potential in the gut environment.  
The study evaluated the influence of common dietary 
polyphenols (quercetin), prebiotics (GOS), probiotics 
(Lactobacillus acidophilus, LBA), and/ or postbiotics 
(inanimate LBA)  on the cellular oxidative status 
in the human gut, using the established CACO-2 
intestinal epithelial cell model. The same study 
permuted the combination of polyphenol, prebiotic, 
probiotic, and postbiotic to evaluate their individual 
and synergistic cellular antioxidant effects. 

Material and Methods
Chemicals and Materials
CACO-2 HTB-37™ cells and  Lactobacillus 
ac idoph i lus  ATCC® 4356™ (LBA)  were 
acquired from American Type Culture Collection  
(Manassas, VA, USA). Arachidonic acid (AA),  
F2-isoprostanes (F2IP), and F2-isoprostanes-d4 were 
purchased from Cayman Chemical (Ann Arbor, 
MI, USA). 1,1-diphenyl-2-picrylhydrazyl radical 
(DPPH), 2,2'-azinobis-(3-ethylbenzthiazoline-
6 - s u l f o n a t e )  ( A B T S ) ,  2 , 2 ' - a z o b i s - ( 2 -
amidinopropane) hydrochloride (ABAP), 2,2'-azobis 
(2-methylpropionamidine) dihydrochlor ide 
(AAPH), 2,3,4,5,6 - penta fluorophenyl bromide, 
4-methylpentanoic acid, 12-myristate 13-acetate 
(PMA), β-nicotinamide adenine dinucleotide 
(NADH),  acet ic  ac id,  ammonium ferrous 
sulfate, bis (trimethylsilyl) trifluoroacetamide,  
butyric acid, cytochrome c, dimethyl sulfoxide 
(DMSO), decylamine, Dulbecco's Modified Eagle 
Medium/Nutrient Mixture F-12 (DMEM/F12), fetal 
calf serum (FCS), fluorescein sodium salt, GOS, 
glutamine, guaiacol, hydrogens peroxide (50% by 
volume), isooctane, phorbol,  MRS medium, MRS 
agar, penicillin, phosphate-buffered saline (PBS), 
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propionic acid, pyridine,  R-phycoerythrin, H3PO4, 
quercetin (Q), NaH2PO4, sodium ortho phosphate, 
streptomycin, superoxide dimutase (SOD), toluene, 
trichloroacetic acid (TCA), Tris (2-carboxyethyl)-
phosphine hydrochloride (TCEP-HCl), trolox,  trypan 
blue, Tween-20, Vitamin C, and xylenol orange 
were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Acetonitrile, ethyl acetate, methanol, ethanol,  
and su l fu r ic  ac id  were  purchased f rom  
Tedia (Fairfield, OH, USA).

Culture and Inactivation of Lactobacillus 
acidophilus
LBA was cultured from an initial concentration of 
104 CFU/ mL in MRS medium at 5% CO2 at 37°C  
for 24 hours. The primary culture was subcultured 
into the same media for 36 hours at 37°C with shaking 
motion (100 rev/min). Viable cell concentrations were 
measured by spread plate counting in duplicate  
on MRS agar after incubation at 5% CO2 at 37°C 
for 48 hours.

The LBA culture was lyzed by sonication and 
centrifugation at 2000xg to obtain the LBA postbiotic 
(iLBA) supernatant. 

Culture and Treatment of CACO-2 cells
CACO-2 cells were cultured in DMEM/F12 
supplemented with heat-inactivated FCS, glutamine, 
penicillin, and streptomycin to final concentrations 
of 10%, 2 mmol L-1, 100 U mL-1, and 100 lg  
mL-1, respectively. The viability of the CACO-2 cells 
was measured using the lactate dehydrogenase 
assay.17 Cell viability of >98% was used for the  
in vitro experiments.

Either Q (final concentration, 1 µmol L-1), GOS  
(final concentration, 4 mg mL-1), LBA (final 
concentration, 2 x 106 CFU mL-1), iLBA (final 
concentration, 2 x 106 CFU mL-1), Q+GOS, Q+LBA, 
Q+iLBA, GOS+LBA, GOS+iLBA, LBA+iLBA, 
Q+GOS+LBA, Q+GOS+iLBA, Q+LBA+iLBA, 
GOS+LBA+iLBA or ALL (all at their individual final 
concentrations) was added into the CACO-2 cells 
(5x106 cells mL-1 in PBS, 1 mL). The cell mixture was 
incubated with AA (final concentration, 10 mmol L-1) 
and AAPH (final concentration, 5 mmol/ L) at 37°C 
and 5% carbon dioxide for 0, 1, 2, 5, 12, and 24 
hours. At the end of incubation, CACO-2 cell pellets 
were obtained after centrifugation at 2000xg for 5 
min at 4ºC, washed once with PBS before being 

lyzed in buffer (30 mM NaH2PO4, adjusted to pH 
3.0 with H3PO4) by sonication. The cell lysates were 
stored at -80ºC before subsequent analyses. 

Antioxidant capacity
The antioxidant capacities of the text mixture on 
CACO-2 cells were determined using DPPH radical 
scavenging activity,18 Oxygen Radical Absorbance 
Capacity (ORAC),19 Total Peroxyl Trapping Potential 
(TRAP),20 and Trolox Equivalent Antioxidant 
Capacity (TEAC).21

 
Briefly, for DPPH radical scavenging assay,18  
the cell supernatant (1 mL) was added into the 
freshly prepared ethanolic DPPH solution (48 mg 
L-1, 9 mL). The change in absorbance at 517 nm 
was measured. A calibration curve was prepared 
using vitamin C (0-500 mmol L-1) as the radical 
scavenger. Absorbance was corrected for the solvent.  
The DPPH radical scavenging results were 
expressed in mmol L-1 vitamin C equivalents.

Briefly, for ORAC assay,19 cell supernatant (20 µL) 
and fluorescein sodium salt (200 µL, 81.6 nmol 
L-1) were added into a well of a 96 - well plate. 
Fluorescence (kexcitation = 485 nm, kemission = 528 nm) 
was measured in a multi detection microplate reader 
(Powerscan, Dainippon Sumitomo Pharma, Osaka, 
Japan). AAPH (75 µL, 200 mM) was then added  
to the well. Fluorescence was recorded every min 
over 40 min. A calibration curve was prepared with 
trolox (0-50 µmol L-1). Fluorescence was corrected 
for the solvent. The ORAC results were expressed 
as µmol L-1 trolox equivalents.

Briefly, for TRAP assay,20 the cell supernatant  
(1 mL) was incubated with TRAP reaction mixture 
(0.43 mg L-1 R-phycoerythrin and 0.3 g L-1 AAPH in 
50 mmol L-1 PBS (pH 7.4), 2 mL) at 37ºC for 5 min. 
Fluorescence (kexcitation = 540 nm, kemission = 565 nm) 
was measured in a quartz cuvette. A calibration 
curve was prepared with vitamin C (0 - 100 mmol 
L-1). Fluorescence was corrected for the solvent.  
The TRAP results were expressed as mmol L-1 

vitamin C equivalents.

Briefly, for TEAC assay,21 the cell supernatant  
(40 µL) was mixed with the freshly prepared radical 
solution (2.5 mmol L-1 ABAP and 20 mmol L-1 ABTS 
stock solution in PBS, 1960 µL). The decrease  
in absorption at 734 nm was measured over 6 min. 
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A calibration curve was prepared with trolox (0-1 
mmol L-1). Absorbance values were corrected for the 
solvent. The TEAC results were expressed in mmol 
L-1 trolox equivalents.

All experiments were performed at least in 
quintuplicate.

Antioxidative Enzyme Activity
The antioxidant enzyme activity of the treated 
CACO-2 cells was assessed by determining 
the enzyme activities of SOD and peroxidases.  
The CACO-2 cell pellet obtained after the designated 
treatment was lyzed by sonication at 4ºC for 5 min. 
The SOD activity in the lyzed cell supernatant was 
determined using a commercial SOD colorimetric 
activity assay kit (Thermo Fisher Scientific, Waltham, 
MA, USA). The peroxidase activity in the lyzed cells 
was measured using a commercial peroxidase 
activity assay kit (Merck, Darmstadt, GERMANY). 
The SOD and peroxidase enzyme activities  
were expressed as the percentage of inhibition 
relative to the untreated control.

Cellular Oxidative Damage
The amounts of cellular oxidative damage were 
determined by measuring the inhibition of F2IP, 
and lipid hydroperoxides (LPO) productions from  
CACO-2 cells. The cells were incubated with the 
respective treatments and AA (final concentration,  
10 mmol/ L). Untreated control experiments 
were carried out by incubating cells with AA  
(final concentration, 10 mmol/ L) only. At the end  
of the incubation, the cell supernatant and cell lysate 
were collected and stored at -80 °C before F2IP and 
LPO analyses. All experiments were performed  
at least in quintuplicate. F2IP was quantified using 
stable isotope-labeled Gas Chromatography-
Mass Spectrometry.22 The formation of LPO was 
quantitated using the Ferrous Oxidation-Xylenol 
Orange assay.23 The amount of cellular oxidative 
damage was expressed as the percentage of cellular 
F2IP and LPO production relative to the positive 
controls. 

Quercetin and Short-chain Fatty Acids 
The concentrations of SCFAs in each treatment 
mix tu re  were  de te rmined by  us ing  gas 
chromatography according to Chang et al.24 with 
slight modifications. The treatment mixture (500 µL) 
was added with 4-methylpentanoic acid (internal 

standard, 5 mmol L-1, 500 µL), and 1 µL of the sample 
was injected into a gas chromatograph (GC-7820, 
Agilent Technologies, USA). The GC was equipped 
with a flame ionization detector. The SCFAs were 
separated using a DB-FFAP 122-3232 fused-silica 
capillary column (Agilent J&W, 30 m × 0.25 µm × 
0.25 µm) set at 100 ºC, increased to 180 ºC with 
10 ºC/ min. Temperatures for the detector, inlet, 
and oven were set at 250 ºC, 230 ºC, and 230 ºC, 
respectively. Nitrogen gas was used as the carrier 
gas with a flow of 35 mL/ min, while methanol 
was used as the solvent. Acetic acid (0-10 mmol 
L-1), propionic acid (0-10 mmol L-1), butyric acid  
(0-10 mmol L-1), and 4-methylpentanoic acid (internal 
standard, 5 mmol L-1) were used as standards  
to identify the peaks and to plot the calibration 
curves.

Intracellular concentrations of Q and SCFAs 
were determined in the cell lysates, while the 
extracellular concentrations were determined 
in the cell supernatants. Briefly, for quercetin 
measurement,23 the components (500 µL) were 
separated by reverse-phase high-performance 
liquid chromatography using a LiChrospher 100 
column (RP-18, 5 µm, 4.0 x 250 mm, Agilent 
Technologies, CA, USA) with sodium orthophosphate  
(30 mM; adjusted to pH 3 with phosphoric acid): 
acetonitrile (15:85, v/v) mobile phase (solvent A) 
with increasing gradient of acetonitrile (solvent B)  
at a flow rate of 0.8 mL/ min over 20 min (from 0% 
to 50% B in A). Dual-wavelength detection at 370 
and 270 nm was used to detect the B-ring and C-ring 
contained within the 2-Phenyl-4H-1-benzopyran-
4-one structure of quercetin, respectively.  
The SCFAs were measured using the GC method 
as previously described. The cell analyte sample 
(500 µL) was added with 4-methylpentanoic acid 
as an internal standard (5 mmol L-1, 500 µL), and  
1 µL of the sample was injected into the GC. Acetic, 
propionic, and butyric acids were determined using 
their respective calibration curves. Total SCFA was 
presented as the sum of the three measured acids.  

Statistical Analysis 
Statistical analyses were performed using IBM 
SPSS Statistics version 26.0 (USA). Data were 
presented as mean ± standard deviation (SD). 
Differences between more than two groups were 
compared using ANOVA with the Bonferroni post-
hoc test. Correlations between antioxidant activities, 
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Q and SCFA concentrations were determined 
using Spearman correlation analysis. A significant 
difference or correlation was observed when p<0.05. 

Results
Non-Enzymatic Antioxidant Capacity
Treatments without Q and iLBA did not alter 
all measured total antioxidant capacities of the 
cell mixtures compared to the control treatment  
(Figure 1). Incubation with Q or/ and iLBA significantly 
augmented the antioxidant capacities, measured as 
DPPH, ORAC, TEAC, and TRAP, of the CACO-2 
cell mixtures compared to those in the absence of 
Q or/ and iLBA (Figure 1). The strengths of DPPH 
radical scavenging activity and TEAC over the 24 
hour incubation period increased significantly in 
the order: GOS ≈ LBA ≈ GOS+LBA (treatments 
without Q and iLBA) < iLBA ≈ GOS+iLBA ≈ 
LBA+iLBA ≈ GOS+LBA+iLBA (treatments with 
iLBA in the absence of Q) < Q ≈ Q+GOS ≈ 

Q+LBA ≈ Q+GOS+LBA (treatments with Q in the 
absence of iLBA) < Q+iLBA ≈ Q+GOS+iLBA ≈ 
Q+LBA+iLBA ≈ Q+GOS+LBA+iLBA (treatments 
with Q and iLBA) (Figures 1a, Supplementary Data 
Table 1). The ORAC and TRAP strengths over the  
24-hour incubation period increased significantly 
in the order: GOS ≈ LBA ≈ GOS+LBA (treatments 
without Q and iLBA) < Q ≈ iLBA ≈ Q+GOS ≈ 
Q+LBA ≈ GOS+iLBA ≈ LBA+iLBA ≈ Q+GOS+LBA 
≈ GOS+LBA+iLBA (treatments with Q or iLBA) 
< Q+iLBA ≈ Q+GOS+iLBA ≈ Q+LBA+iLBA ≈ 
Q+GOS+LBA+iLBA (treatments with Q and iLBA) 
(Figures 1, Supplementary Data Table 1). All the 
measured antioxidant capacities of the Q- and/ 
or iLBA-treated cell mixtures decreased steadily 
over the 24-hour incubation (Figure 1). Q- or/ and 
iLBA-treated cells demonstrated significantly higher 
total antioxidant capacities than those not treated  
with Q or iLBA even after the 24-hour incubation 
period (Figure 1).

(a)

(b)
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Antioxidant Enzyme Activity
Treatments containing Q increased the SOD and 
PO enzyme activities of CACO-2 cells that peaked  
at around 1 hour before gradually lowering  
to constant act iv i ty levels over 24 hours  

(Figures 2a and 2b). Other treatments did not 
significantly influence the cellular SOD and PO 
enzyme activity (Figure 2). The SOD and PO enzyme 
activities of CACO-2 cells incubated with Q over the 
24 hours were significantly higher compared to those 

Fig. 1: (a) 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity (mmol L-1 vitamin C), (b) Oxygen Radical 
Absorbance Capacity (µmol L-1 trolox), (c) Total Peroxyl Trapping Potential (mmol L-1 vitamin C), and  

(d) Trolox Equivalent Antioxidant Capacity (mmol L-1 trolox) of cell supernatant obtained after incubating 
CACO-2 cells (5 x 106 cells mL-1), without quercetin and inactivated Lactobacillus acidophilus (●), with 
quercetin (1 µmol L-1 final concentration) without inactivated Lactobacillus acidophilus (■), inactivated 
Lactobacillus acidophilus  (2 x 106 CFU mL-1 final concentration)  without quercetin (▲), and quercetin  

(1 µmol L-1 final concentration) and inactivated Lactobacillus acidophilus  (2 x 106 CFU mL-1 final 
concentration) (♦), regardless of the presence of galactooligosaccharide (4 mg mL-1 final concentration)  

and Lactobacillus acidophilus (2 x 106 CFU mL-1 final concentration) at 37 °C for 0, 1, 2, 5, 12, and 24 hours 
(N = 5 for each set of treatment). A,B,C,D different superscripts represent p<0.05 between treatment groups with 

and without quercetin and inactivated Lactobacillus acidophilus using ANOVA with Bonferroni adjustment  
of the area under the curve. a,b,c,d different superscripts represent p<0.05 between treatment groups with  

and without quercetin and inactivated Lactobacillus acidophilus using ANOVA with Bonferroni  
adjustment at specified time points.

(c)

(d)
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not treated with Q (Figures 2a and 2b). GOS, LBA, 
and iLBA did not influence the SOD and PO enzyme 

activities in the presence of Q (Figures 2a and 2b, 
Supplementary Data Table 2). 

(a)

(b)

Fig. 2: (a) Superoxide dismutase enzyme activity and (b) peroxidase enzyme activity (% relative to untreated 
cells) after incubating CACO-2 cells (5 x 106 cells mL-1) without quercetin and inactivated Lactobacillus 

acidophilus (●), with quercetin (1 µmol L-1 final concentration) without inactivated Lactobacillus acidophilus 
(■), inactivated Lactobacillus acidophilus  (2 x 106 CFU mL-1 final concentration)  without quercetin (▲), 

and quercetin (1 µmol L-1 final concentration) and inactivated Lactobacillus acidophilus  (2 x 106 CFU mL-1 
final concentration) (♦), regardless of the presence of galactooligosaccharide (4 mg mL-1 final concentration) 
and Lactobacillus acidophilus (2 x 106 CFU mL-1 final concentration) at 37 °C for 0, 1, 2, 5, 12, and 24 hours  

(N = 5 for each set of treatment). A,B different superscripts represent p<0.05 between treatment groups with 
and without quercetin and inactivated Lactobacillus acidophilus using ANOVA with Bonferroni adjustment 
of the area under the curve. a,b different superscripts represent p<0.05 between treatment groups with and 

without quercetin and inactivated Lactobacillus acidophilus using ANOVA with Bonferroni adjustment at 
specified time points.
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(a)

(b)

Fig. 3: Amounts of (a) F2-isoprostanes and (b) lipid hydroperoxides (% relative to the positive controls) 
formed after incubating CACO-2 cells (5 x 106 cells mL-1) without quercetin and inactivated Lactobacillus 

acidophilus (●), with quercetin (1 µmol L-1 final concentration) without inactivated Lactobacillus acidophilus 
(■), inactivated Lactobacillus acidophilus  (2 x 106 CFU mL-1 final concentration)  without quercetin (▲), and 
quercetin (1 µmol L-1 final concentration) and inactivated Lactobacillus acidophilus  (2 x 106 CFU mL-1 final 

concentration) (♦), regardless of the presence of galactooligosaccharide (4 mg mL-1 final concentration)  
and Lactobacillus acidophilus (2 x 106 CFU mL-1 final concentration) at 37 °C for 0, 1, 2, 5, 12, and 24 hours  

(N = 5 for each set of treatment). A,B,C,D different superscripts represent p<0.05 between treatment 
groups with and without quercetin and inactivated Lactobacillus acidophilus using ANOVA with Bonferroni 

adjustment of the area under the curve. a,b,c,d different superscripts represent p<0.05 between treatment 
groups with and without quercetin and inactivated Lactobacillus acidophilus using ANOVA with Bonferroni 

adjustment at specified time points.
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(a)

(b)

Fig. 4: Concentrations of intracellular (a) quercetin and (b) total short-chain fatty acids (mmol L-1) formed  
after incubating CACO-2 cells (5 x 106 cells mL-1) without quercetin and inactivated Lactobacillus acidophilus 

(●), with quercetin (1 µmol L-1 final concentration) without inactivated Lactobacillus acidophilus (■), 
inactivated Lactobacillus acidophilus  (2 x 106 CFU mL-1 final concentration)  without quercetin (▲), and 

quercetin (1 µmol L-1 final concentration) and inactivated Lactobacillus acidophilus  (2 x 106 CFU mL-1 final 
concentration) (♦), regardless of the presence of galactooligosaccharide (4 mg mL-1 final concentration)  

and Lactobacillus acidophilus (2 x 106 CFU mL-1 final concentration) at 37 °C for 0, 1, 2, 5, 12, and 24 hours  
(N = 5 for each set of treatment). A,B,C,D different superscripts represent p<0.05 between treatment 

groups with and without quercetin and inactivated Lactobacillus acidophilus using ANOVA with Bonferroni 
adjustment of the area under the curve. a,b,c,d different superscripts represent p<0.05 between treatment 

groups with and without quercetin and inactivated Lactobacillus acidophilus using ANOVA with Bonferroni 
adjustment at specified time points.
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Cellular Oxidative Damage
The amounts of F2IP and LPO produced by the 
CACO-2 cells increased over the 24-hour incubation 
(data not shown). Treatments with Q or/and iLBA 
significantly inhibited cellular F2IP production 
compared to those in their absence over the  
24-hour incubation period (Figure 3a). The inhibition 
of F2IP formation was significant between treatments 
in the order: Untreated ≈ GOS ≈ LBA ≈ GOS+LBA 
(treatments without Q and iLBA) < iLBA ≈ GOS+iLBA 
≈ LBA+iLBA ≈ GOS+LBA+iLBA (treatments with 
iLBA in the absence of Q) < Q ≈ Q+GOS ≈ Q+LBA 
≈ Q+GOS+LBA (treatments with Q in the absence 
of iLBA) < Q+GOS ≈ iLBA ≈ Q+LBA+iLBA ≈ 
Q+GOS+LBA+iLBA (treatments with Q and iLBA) 
(Figure 3a, Supplementary Table 3). Most of the 
F2IP inhibitory activity occurred in the first 12 hours 
of the incubation period, with negligible amounts of 
activity after this period (Figure 3 a). F2IP inhibitory 
activity peaked after 2 hours before gradually 
decreasing to significantly lower levels after 12-hours  
(Figure 3a). The F2IP inhibitory activity with  
Q and iLBA treatments remained significantly higher 
after 12 and 24 hours of incubation than the other 
treatments (Figure 3a).

The cellular LPO formations were significantly 
decreased with treatments involving Q or/and iLBA 
when compared to those in their absence (Figure 3b). 
The inhibition of LPO formation by each treatment 
significantly increased in the order: Untreated ≈ GOS 
≈ LBA ≈ GOS+LBA (treatments without Q and iLBA) 
< iLBA ≈ GOS+iLBA ≈ LBA+iLBA ≈ GOS+LBA+iLBA 
(treatments with iLBA in the absence of Q) < Q 
≈ Q+GOS ≈ Q+LBA ≈ Q+GOS+LBA (treatments 
with Q in the absence of iLBA) < Q+GOS ≈ iLBA 
≈ Q+LBA+iLBA ≈ Q+GOS+LBA+iLBA (treatments 
with Q and iLBA) (Figure 3b, Supplementary  
Table 3). LPO formation inhibitions of Q or/ and iLBA 
treatments peaked between the second and fifth 
hour (Figure 3b). Treatments with Q or/and iLBA 
significantly reduced cellular LPO formations at most 
incubation time points (t=1h to t=12h) compared  
to the other treatments (Figure 3b). LPO formation 
inhibitory activity remained significantly higher after 
24 hours only for treatments involving both Q and 
iLBA (Figure 3b). 

Quercetin And Short-Chain Fatty Acids
Acetic (4.16±0.26 mmol L-1), propionic (1.61±0.33 
mmol L-1), and butyric (1.59±0.16 mmol L-1) acids 

were present only in iLBA-containing treatment 
mixtures. The measured SCFA concentrations  
did not differ significantly between these mixtures. 

Only cells incubated with Q contained significant 
amounts of intracellular Q over the 24-hour incubation 
period (Figure 4a). Concentrations of intracellular  
Q increased during the first 2 hours of incubation 
before decreasing to baseline levels within 12 
hours (Figure 4a). The presence of GOS, LBA, and/
or iLBA with Q did not influence the intracellular 
Q concentrations (Figure 4a, Supplementary 
Data Table 4). The concentrations of Q remained 
significantly higher within cells incubated with  
Q than those without Q at the 24th-hour incubation 
time point (Figure 4a, Supplementary Data Table 4).
 
The intracellular total SCFA concentrations  
of cells treated with Q and/ or iLBA were significantly 
higher than those of the untreated control cells over 
the 24 incubation hours (Figure 4b). Treatments 
without Q or iLBA did not significantly influence the 
intracellular total SCFA concentrations compared 
to the untreated control cells over the 24 incubation 
hours (Figure 4b). For cells treated with iLBA, the 
intracellular total SCFA concentrations peaked 
around the second-hour mark before declining  
to steady concentrations towards the end  
of treatment. The observed steady concentrations 
remained significantly higher than the untreated 
control cells at the 24th-hour time point. For the 
cells incubated with Q in the absence of iLBA, 
the measured SCFAs peaked at the 5th hour  
(Figure 4b). The concentrations of intracellular 
total SCFA within the cells increased in the order: 
Untreated ≈ GOS ≈ LBA ≈ GOS+LBA (treatments 
without Q and iLBA) < Q ≈ Q+GOS < iLBA ≈ 
Q+LBA ≈ LBA+iLBA ≈ GOS+iLBA ≈ Q+GOS+LBA 
≈ GOS+LBA+iLBA (treatments with either Q or 
iLBA) < Q+iLBA ≈ Q+GOS+iLBA ≈ Q+LBA+iLBA ≈ 
Q+GOS+LBA+iLBA (treatments with Q and iLBA) 
(Figure 4b, Supplementary Table 4).
 
Correlations
Cellular F2IP and LPO inhibitions were significantly 
correlated with intracellular Q (F2IP, R=0.51, 
p=0.04; LPO, R=0.62, p=0.03) and propionic acid 
(F2IP, R=0.42, p=0.03; LPO, R=0.55, p=0.04) 
concentrations, but not with intracellular acetic 
acid (F2IP, R=0.32, p=0.23; LPO, R=0.23, p=0.33) 
concentrations. The measured antioxidant capacities, 
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DPPH, ORAC, TEAC, and TRAP, were positively 
correlated to intracellular Q (DPPH, R=0.574, 
p=0.03; ORAC, R=0.327, p=0.04; TEAC, R=0.639, 
p=0.04; TRAP, R=0.475, p=0.05), propionic acid 
(DPPH, R=0.435, p=0.04; ORAC, R=0.686, p=0.04; 
TEAC, R=0.436, p=0.04; R=0.694, p=0.03; TRAP, 
R=0.578, p=0.04), and butyric acid (DPPH, R=0.656, 
p=0.04; ORAC, R=0.435, p=0.03; TEAC, R=0.677, 
p=0.04; R=0.554, p=0.03; TRAP, R=0.435, p=0.03) 
concentrations.

Discussion
The digestive tract is constantly subjected to 
oxidative insults from exogenous and endogenous 
oxidants.2,25 It is important to maintain oxidative 
balance within the digestive tract to maintain  
a healthy microbiota. Similar to in vivo settings, the 
CACO-2 cells in the experiments were experiencing 
persistent oxidative damage, as evidenced by the 
steadily increasing concentrations of F2IP and LPO 
formed in the cell mixtures over the incubation 
period. The attenuation of F2IP and LPO formation 
by treatments with either Q or iLBA suggested that 
Q and iLBA exerted significant antioxidant activities 
by protecting the CACO-2 cells from oxidative 
damages. This was supported by the significant 
positive correlations between the measured  
Q concentrations and antioxidant capacities - 
DPPH, ORAC, TEAC, TRAP, cellular F2IP, and LPO 
inhibitions. The results from the radical scavenging 
and antioxidant enzyme activity assays suggest 
that Q protected the CACO-2 cells from oxidative 
damage by scavenging free radicals directly and 
upregulating the cellular antioxidant enzymes, 
such as SOD and PO, whereas iLBA did so only  
via scavenging radicals. The four radical scavenging 
assays used in the experiments differ in their reaction 
mechanisms and can be employed to evaluate 
the radical scavenging mechanisms.26 ORAC and 
TRAP involve the transfer of hydrogen atoms from 
the probe to the radical, and they measure the 
radical scavenging capacity via the hydrogen atom 
transfer (HAT) mechanism.26 DPPH and TEAC, on 
the other hand, involve the electron transfer between 
the probe and radicals and thereby determine the 
radical scavenging activity via the electron transfer 
(ET) mechanism.26 Radical scavenging by Q and 
iLBA occurs through HAT and ET mechanisms. Q, 
like other polyphenols, is a powerful antioxidant  
in vitro. Q scavenges free radicals through both HAT 

and ET mechanisms at different rates.27 The DPPH, 
ORAC, TEAC, and TRAP results of Q agree with 
the previously computed observations27 that Q is 
capable of donating H atoms and electrons to free 
radicals. Q was shown to be a stronger electron 
donor than iLBA, and both were equally strong 
as H atom donors. In addition, Q, not iLBA, was 
shown to augment the activity levels of SOD and 
PO in the CACO-2 cells. Q elevated SOD activity 
in alveolar epithelial A54928 and liver Hep2G29 cells. 
While Q has been studied in numerous disease 
settings involving oxidative stress, its biological 
activity is less examined in the human digestive 
tract. Q significantly inhibited lipopolysaccharide-
induced jejunal oxidative stress in broiler chickens 
by upregulating SOD and glutathione peroxidase 
levels.30 Q exhibited greater reactivity (forty folds) 
towards peroxyl radicals in the aqueous solution  
of neutral pH 7.4 than in the aqueous solution 
of acidic pH 3.0.31 Accordingly, Q may operate 
effectively as H and electron donors in the native 
pH environment of the human small intestine.  
The reported beneficial effects of dietary polyphenols 
on gut microbiota32 may be attributed to their 
antioxidant properties.

The iLBA conta ined s ign i f icant ly  h igher 
concentrations of total SCFA compared to the GOS, 
LBA, and Q. These SCFAs were not significantly 
present in the LBA before the inactivation process, 
and were also absent in the other treatment mixtures.  
Their presence may account for the observed 
antioxidant property by iLBA. This deduction is also 
supported by the observed significant association 
of propionic and butyric acid concentrations with 
the cellular oxidative damages and antioxidant 
capacities. SCFAs inhibited lipopolysaccharide-
induced oxidative stress in mesangial cells.33 
SCFAs significantly and differentially decreased 
Nlrp3 inflammasome activation and formation 
in endothelial cells.34 Organic acid production 
from postbiotics was positively correlated with 
the antioxidant activity of the postbiotics derived 
from Lactiplantibacillus plantarum strains.24  
Our results add to the limited data on the potential 
antioxidant activity of postbiotic SCFAs. Q exhibited 
comparatively stronger radical scavenging 
activity and thereby protected the CACO-2 cells  
to significantly greater extents from oxidative 
damages than the iLBA. The resonance-stabilized 
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polyphenolic structure makes Q a stronger H atom 
and electron donor than the aliphatic carboxylic 
structure of the SCFA, possibly explaining the 
significant difference in antioxidant strength 
between Q and iLBA. The ORAC and TRAP results 
suggest that Q and iLBA are comparable H donors. 
Q demonstrated to be a stronger electron donor 
compared to iLBA, as observed by the differences 
in their DPPH and TEAC results. The absence  
of effects on the cellular antioxidant enzyme 
activity by iLBA may also diminish its antioxidant 
capacity when compared to Q. The difference in 
significant correlation between the two measured 
SCFA concentrations and cellular antioxidant 
capacities and oxidative damage markers suggest 
that two SCFAs (propionic and butyric acids) 
exhibited differential antioxidant capacities. More 
studies should be carried out to evaluate the 
antioxidant capacity of these SCFAs on the 
representative CACO-2 cell model. The presence 
of Q and iLBA presented summative antioxidant 
protection compared to the presence of either one.  
They appeared to contribute independently due 
to the difference in their antioxidant mechanisms. 
Additional studies are required to elucidate  
the potential interactions between these molecules 
in modulating intestinal oxidative status.

Q and SCFAs were shown to accumulate into the 
cells within the first two hours of incubation, and this 
accumulation translated to augmented protection 
against oxidative damages. The antioxidant 
protection was steadily reduced as the amounts 
of intracellular Q and SCFAs dissipated over the 
next 24 hours. The antioxidant capacity remained 
significantly higher compared to the cells not treated 
with Q and/ or iLBA after the 24-hour incubation.  
Q has been demonstrated to be metabolized 
to simpler organic and phenolic compounds.35  
This is evident from the increased concentrations  
of SCFAs in the Q-treated CACO-2 cells. The phenolic 
compounds derived from Q metabolism were shown 
to exhibit antioxidant properties and protected 
CACO-2 cells against oxidative damage.36 Together, 
they may explain the heightened antioxidant capacity 
even after 24 hours.

GOS, used in the study, did not affect the SCFA 
concentrations in the CACO-2 cell culture within 

the 24-hour treatment period. Prebiotics have been 
shown to influence production of SCFAs by pure 
cultures in vitro.37 Gut microbiota fermented the 
prebiotics into short-chain fatty acids, including lactic 
acid, butyric acid, and propionic acid.14 It becomes 
possible that prebiotics can exert antioxidant 
effects via the production of antioxidants like 
SCFAs by the fermentative action of a probiotic. 
The short treatment duration in this study did not 
allow significant fermentation of the prebiotic.  
More studies are required to ascertain the antioxidant 
effect, whether direct or indirect, of prebiotics, such 
as GOS. In the study, the effects of oxidative 
stress by the polyphenol, prebiotic, probiotic, and 
postbiotic on CACO-2 cells was tested in four 
ways: (1) direct quantitation of non-enzymatic 
radical scavenging capacities via DPPH, ORAC, 
TEAC, and TRAP assays; (2) direct measurement 
of specific antioxidant enzyme activities via SOD 
and PO enzymes; (3) measurement of the resulting 
damage to biomolecules (arachidonic acid and 
lipid); and (4) measurement of antioxidant levels  
(Q and total SCFAs). Future clinical or in vivo studies 
should be conducted to evaluate these in vitro 
findings. The study results are also limited by the 
choice of polyphenol (Q), prebiotic (GOS), probiotic 
(LBA), and postbiotic (iLBA). More future studies 
are required to evaluate other possible candidates  
of these families of functional ingredients.

Polyphenol, probiotic, and postbiotic, individually 
or cumulatively, influence the oxidative status  
of intestinal epithelial CACO-2 cells and protect 
them from oxidative damage. The study provides  
in vitro evidence to support the inclusion of all these 
functional ingredients to maintain the intestinal 
oxidative status and improve gut microbiota,  
and henceforth digestive health. 
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