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A B S T R A C T   

The polyphenol-rich lentil hulls are the by-product of lentils hulling process. In this manuscript, in vitro digestion, 
Caco-2 cell monolayer and Caco-2/RAW264.7 cell co-culture model were established to explore their anti- 
inflammatory mechanism, absorption of digestive products (RLD), and impact on the intestinal barrier. Re
sults shown that high dose RLE and GLE could significantly inhibit the secretion of NO (30.23% and 31.08%, 
respectively), IL-6 (81.48% and 56.82%, respectively) and IL-1β (88.05% and 91.67%, respectively), and down- 
regulate the protein and mRNA expression of iNOS (56.46% and 45.69%, respectively) and COX-2 (76.53% and 
46.65%, respectively), and inhibit the activation of MAPK and NF-κB signaling pathways. Polyphenols can be 
released from lentil hulls and protocatechuic acid glycoside derivative has the highest content (2205.09 ± 7.02 
μg/g DW). Digestive products can be absorbed by intestine to maintain intestinal barrier and play anti- 
inflammatory effect. Above all, lentil hulls may be a potentially valuable functional dietary resource.   

1. Introduction 

Inflammation, an immune response caused by harmful external 
stimuli (i.e. infection, tissue damage), is usually manifested as redness, 
fever, pain, dysfunction and other symptoms at the inflammation site 
(Maleki, Crespo, & Cabanillas, 2019). During the inflammatory 
response, macrophage plays an important role in the formation of in
flammatory mediators and pro-inflammatory cytokines, such as nitric 
oxide (NO) and prostaglandin E2 (PGE2), which are regulated by nitric 
oxide synthase (iNOS) and cyclooxygenase (COX-2), respectively (Vil
lela-Castrejón, Antunes-Ricardo, & Gutiérrez-Uribe, 2017). Excessive 
production of proinflammatory mediators can lead to a variety of dis
eases, such as atherosclerosis, diabetes, obesity and cancer (Liu et al., 

2019). 
NF-κB (nuclear factor-kappa-light-chain-enhancer of activated B 

cells) and MAPKs (mitogen-activated protein kinases), two classical 
signaling pathways, are involved in the regulation of body inflammation 
(Z.-B. CHEN et al., 2020). NF-κB, an important transcriptional regulator, 
usually binds to its inhibitory protein (IκB) in the form of p50-p65 
heterodimer, and exists in the cytoplasm in an inactive state (Kim & 
Bae, 2010). Phosphorylation and degradation of IκB will cause NF-κB to 
be activated and transferred to the nucleus, which induces the expres
sion of multiple cytokines and participates in inflammatory responses 
(X. Wang et al., 2020). MAPKs is a family of serine/threonine protein 
kinases, including three major subfamilies: c-Jun N-terminal kinase 
(JNK), extracellular signal-regulated kinase 1/2 (ERK1/2) and p38 
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MAPK, which mediate basic biological processes and cell responses to 
external stress signals (Kaminska, 2005; Li et al., 2020). MAPKs can be 
phosphorylated and activate other kinases or nuclear proteins (Han 
et al., 2017). P38 MAPK plays a crucial role in the regulation of the 
expression of inflammatory factors, adhesion factors and chemokines 
(Ellen Herlaar & Brown, 1999; Zhou et al., 2020). Many studies have 
shown that polyphenols can down-regulate the secretion of inflamma
tory mediators (NO and PGE2) and pro-inflammatory factors (IL-6, IL- 
1β, and TNF-α) in the LPS-induced RAW264.7 cell inflammation model 
(Fang, Chen, Chen, Lin, & Fang, 2012; Wang, Li, Ge, & Lin, 2020), which 
are related to MAPKs and NF-κB signaling pathway (Feng et al., 2021). 

Currently, the differentiated Caco-2 cell monolayer model has been 
widely used to study the absorption, transport and metabolism of dietary 
phytochemicals (Marina, Amin, Loh, Fadhilah, & Kartinee, 2019; 
Sadeghi Ekbatan et al., 2018; WEIGUANG YI, CASIMIR C. AKOH, JOAN 
FISCHER, & KREWER, 2006). In addition, it can be used to investigate 
the barrier function of intestinal epithelial cells, including the polarity of 
the intestinal epithelium and the permeability associated with tight 
junctions (TJs, a kind of protein complex) (Maren Amasheh et al., 2008; 
Noda, Tanabe, & Suzuki, 2012; Omonijo et al., 2019). While, the co- 
culture can simulate the microenvironment in vivo, which makes up 
for the deficiency of simulated physiological environment in monolayer 
cell culture to some extent. Co-culture of intestinal epithelial cells and 
immune cells is an important and powerful means to study their inter
action mechanism (X. Hu et al., 2020). 

Lentils (Lens culinaris), a staple food in North America, are native to 
India, which are widely grown in Canada, India, Australia, the United 
States, China, Ethiopia, the Mediterranean and Southeast Asia, among 
which Canada is the world’s largest producer and exporter of lentils 
(Portman et al., 2020). As a by-product of lentil processing, lentil hulls 
are usually discarded as waste or used as animal feed (Zhong, Fang, 
Wahlqvist, & Wu, 2018). Lentil hulls are rich in dietary fiber and phy
tochemicals that have anti-inflammatory, antioxidant, and lower blood 
pressure, cholesterol, and blood sugar properties (Duenas, Hernandez, & 
Estrella, 2006). Studies have shown that the seed coat of legumes con
tains phenolic compounds with flavonoid structure, which are important 
natural antioxidants (Oomah, Caspar, Malcolmson, & Bellido, 2011; 
Troszyńska, Estrella, López-Amóres, & Hernández, 2002). Yeo and 
Shahidi (2020) identified the soluble phenols in lentil hulls with HPLC- 
ESI-MS/MS, mainly including phenolic acids, flavonoids and anthocy
anins, which shows strong antioxidant capacity in vitro. However, the 
current researches on lentil hulls are mostly focused on the identification 
of phenolic composition and antioxidant activity in vitro; the anti- 
inflammatory activity of lentil hulls polyphenol extract in RAW264.7 
cells, and the absorption and metabolism of polyphenols in lentil hulls 
after in vitro digestion and its anti-inflammatory activity have not been 
studied in Caco-2/RAW264.7 cell co-culture. In actual consumption, 
lentil hulls are directly ingested instead of extracts. The influence of food 
matrix on the release of polyphenols in lentil hulls cannot be ignored 
during the digestion process. 

The composition and antioxidant capacity of polyphenols in red and 
green lentil hulls have been studied in our previous research (Minjia, 
Xiaoya, Hua, Fengxin, & Yong, 2021). In this study, the LPS-induced 
RAW264.7 cell inflammation model was established to study the anti- 
inflammatory activity and mechanisms of RLE and GLE; and in vitro 
digestion, Caco-2 cell monolayer and Caco-2/RAW264.7 cell co-culture 
model were used to explore the release of lentil hull polyphenols during 
digestion, the absorption of digested products and their effects on in
testinal inflammation and intestinal barrier. 

2. Materials and methods 

2.1. Materials and reagents 

The red and green lentil hulls (ADM Red Lentil Hulls and ADM Eston 
Green Lentil Hulls) were presented by the Research and Development 

Center of Guelph Agriculture and Agrofood (Canada). RAW264.7 cells 
and Caco-2 cells were purchased from the cell bank of the Institute of 
Chinese Academy of Sciences (Shanghai, China). Dulbecco’s modified 
Eagle’s medium (DMEM), phosphate buffered saline (PBS), Hank’s 
balanced salt solution (HBSS), Cell Counting Kit-8 (CCK-8) and SDS- 
PAGE gel electrophoresis kit were purchased from Beijing Solarbio 
Technology Co., Ltd (Beijing, China). Lipopolysaccharides (LPS) was 
acquired from Sigma (St. Louis, MO, USA). Fetal bovine serum (FBS) was 
purchased from Biological Industries biotech company (Israel). NO 
detection kit was purchased from Beyotime Biotechnology (Shanghai, 
China). The TNF-α, IL-6, IL-1β and IL-8 ELISA kits were purchased from 
Thermo Fisher Scientific (Massachusetts, USA). Anti-p38/p-p38, IκBα/p- 
IκBα, NF-κB p65/p-p65 were obtained from Cell Signaling Technology 
(CST, MA, USA). Anti-iNOS, COX-2 and GAPDH were acquired from 
Beijing Absin Biotechnology Co., Ltd (Beijing, China). The RNA reverse 
transcription kit and RT-PCR quantitative kit were purchased from 
Takara Biotechnology Co., Ltd (Japan). Transwell plates (Model 3450; 
24 mm diameter inserts; 0.4 µm pore size; 6 well plate) were acquired 
from Corning (Kennebunk, ME, USA). 

2.2. Sample preparation 

The RLE and GLE were prepared according to Guo et al. (2019). The 
80% methanol (w/v) extracts of ADM Red Lentil Hulls and ADM Eston 
Green Lentil Hulls were denoted as RLE and GLE, respectively. The two 
crude lentil hull extracts were purified by solid phase extraction (SPE) 
columns (Oasis HLB 6cc, Waters). Briefly, the RLE and GLE were 
weighed and dissolved in an appropriate amount of ultrapure water. The 
SPE column was activated with 6 mL methanol and water, respectively, 
and then the sample solution was passed through the SPE column. The 
adsorbed polyphenols were eluted with methanol and the filtrate was 
collected, then rotary evaporated and freeze-dried. And the purified 
product was used in subsequent cell experiments. 

2.3. In vitro digestion 

The ADM Red Lentil Hulls were subjected to in vitro digestion and the 
digestion process was referred to Brodkorb et al. (2019). The digestion 
reserve solution was prepared according to Table S1. 

Oral digestion stage: 3 g ADM Red Lentil Hulls were moistened with 
2 mL ultrapure water, and 4 mL SSF solution contained α-amylase (75 U/ 
mL) and CaCl2(H2O)2 were added. Adjusted the pH to 7.0, and then 
added ultrapure water until the system reach 10 mL. It was shaken at 37 
℃, 300 rpm/min for 5 min. 

Gastric digestion stage: added 8 mL SGF solution contained pepsin 
(2000 U/mL) into the oral digestion product, adjusted the pH to 3.0 with 
1 mol/L HCl solution, and then added ultrapure water to make the 
system reach 20 mL. It was shaken at 37 ℃, 100 rpm/min for 2 h. 

Intestine digestion stage: added 16 mL SIF solution contained 
pancreatin (100 U/mL) and bile salt (10 mM) into the gastric digestion 
product, adjusted the pH to 7.0 with 1 mol/L NaOH, and then added 
ultrapure water to make the system reach 40 mL. The system was shaken 
at 37 ◦C, 100 rpm/min for 2 h. 

For each digestion stage, the supernatant was denoted as OUT part; 
and the residue was extracted with 80% methanol and was denoted as IN 
part. The OUT part of the intestinal digestion stage was purified by SPE 
columns, and was labeled as RLD for cell experiments. The purified OUT 
part was used for UPLC analysis. Samples were flushed with N2 during 
the digestion at the stomach and small intestine stages to remove the 
influence of oxygen. All experiments were performed in triplicate. 

2.4. Total phenolic content (TPC) and total flavonoid content (TFC) 

The TPC and TFC in the IN and OUT part were determined according 
to our previous research (Y. Sun et al., 2020; Yong Sun et al., 2015). 
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2.5. Antioxidant assays 

The antioxidant activities of the sample were determined by the 
DPPH, ABTS and FRAP assays. 

DPPH assay. The measurement of DPPH radical scavenging ability 
was based on the method of B. Zhang et al. (2014) with a slight modi
fication. In brief, 280 μL 65 μmol/L DPPH solution was added to the 96- 
well plate, then add 20 μL sample or Trolox standard solution with 
different concentrations. The absorbance was measured at 540 nm after 
30 min reaction at room temperature under dark conditions. All mea
surements were performed in triplicate, and the results were expressed 
as Trolox equivalent per gram of dry weight of lentil hulls (μmol Trolox/ 
g DW). 

ABTS assay. The ABTS assay was measured using the total antioxi
dant capacity test kit (Beyotime Biotechnology, Shanghai, China) ac
cording to the manufacturer’s instructions. The results were expressed 
as Trolox equivalent per gram of dry weight of lentil hulls (μmol Trolox/ 
g DW). 

FRAP assay. The FRAP assay was measured using kit (Beyotime 
Biotechnology, Shanghai, China) according to the manufacturer’s in
structions. The results were expressed as FeSO4 equivalent per gram of 
dry weight of lentil hulls (mmol FeSO4/g DW). 

2.6. Quantitative analysis by UPLC 

Chromatographic separation adopts UPLC system (Agilent 1290 In
finity UPLC system). A Waters ACQUITY UPLC® BEH C18 1.7 μm 2.1 ×
100 mm Column (Waters, USA) was used for detection. The mobile 
phase A was 0.1% formic acid–water (v/v), and the mobile phase B was 
0.1% formic acid-acetonitrile (v/v). The gradient elution procedure was: 
0–5 min, 5% B; 5–21 min, 5%-21% B; 21–22 min, 21%-55% B; 22–25 
min, 55% B; 25–35 min, 55%-100% B. The flow rate and injection 
volume were 0.3 mL/min and 3 μL, respectively. 

2.7. UPLC-LTQ-Orbitrap-MS/MS 

Liquid chromatographic conditions. Chromatographic separation 
adopts UPLC system (Thermo Accela 600 UPLC system, Thermo Scien
tific, Bremen, Germany). A Waters ACQUITY UPLC® BEH C18 1.7 μm 
2.1 × 100 mm Column (Waters, USA) was used for detection. The mobile 
phase A was 0.1% formic acid–water (v/v), and the mobile phase B was 
0.1% formic acid-acetonitrile (v/v). The gradient elution procedure was: 
0–2 min, 5% B; 2–9 min, 5%-21% B; 9–16 min, 21%-29% B; 16–22 min, 
29%-55% B; 22–25 min, 55% B; 25–35 min, 55%-100% B; 35–35.1 min, 
100%-5% B; 35.1–38 min, 5% B. The flow rate and injection volume 
were 0.3 mL/min and 3 μL, respectively. The column temperature was 
25 ℃. The detection wavelength was set at 280 and 320 nm. 

Mass spectrometric conditions. Mass spectrometry was performed by 
a linear ion trap quadrupole orbit mass spectrometer (LTQ-Orbitrap 
MS), which equipped with heated electrospray ion source (HESI-II; 
Thermo Fisher Scientific; USA). The measurement was performed in 
negative ion mode. The best mass spectrometry parameters were as 
follows: source voltage: 5 kV, capillary temperature: 275℃, sheath gas 
flow rate: 42 arb; auxiliary gas (N2) flow rate: 11 arb. The mass spec
trometry data were collected in the whole range of 100–1500 m/z. The 
Xcalibur v.2.0 software (Thermo Fisher, San Jose, CA, USA) and Qual
browser were used for data collection and processing. 

2.8. Cell culture and viability 

RAW264.7 cells and Caco-2 cells were cultured in DMEM medium 
(containing 10% FBS and 1% penicillin–streptomycin) at 37℃ and 5% 
CO2. Cell viability was measured with CCK-8 kit. CCK-8 is a rapid and 
highly sensitive detection reagent based on WST-8 (2-(2-Methoxy-4- 
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfobenzene)-2H-tetrazolium 
monosodium salt) that is widely used in cell proliferation and 

cytotoxicity. WST-8 is reduced to a highly water-soluble orange-yellow 
formazan product by dehydrogenases in mitochondria in the presence of 
an electron carrier (1-Methoxy PMS). And for the same cell, the depth of 
the color is proportional to the number of living cells. Briefly, 2 × 104 

cells were laid in 96-well plate, and 100 μL of sample with different co 
ncentrations (10, 25, 50, 100, 150, 200, 250, 300 μg/mL) were added to 
each well after culturing for 12–18 h. Them, 10 μL CCK-8 reagent was 
added to each well for 1 h, and the absorbance value was measured at 
450 nm. Each group was done in six parallels. 

2.9. LPS-stimulated RAW264.7 cell inflammation model 

RAW264.7 cells were inoculated in a 24-well plate with 5 × 105 

cells/well, and the culture medium was discarded after incubation for 
12–18 h. The experimental group was added with 1 mL DMEM con
tained 1 μg/mL LPS and RLE or GLE (50, 100, 200 μg/mL); the positive 
control group was added with 1 mL DMEM contained 1 μg/mL LPS (from 
Escherichia coli O55:B5, purufied by phenol extraction); and the blank 
control group was added with 1 mL DMEM. Each group was provided 
with three multiple wells. After cultured for 24 h, the supernatant me
dium and cells were collected. 

2.10. Caco-2 cell monolayer model 

The Caco-2 cells were inoculated to AP side of Transwell plate at a 
density of 3 × 105 cells /mL, and the addition volume was 1.5 mL; 2.6 
mL DMEM (with 10% FBS) was added to BL side. The medium was 
changed every two days and the transepithelial electrical resistance 
(TEER) value was measured with the Millicell ERS voltammeter (Milli
pore, Bedford, MA, USA). Generally, after culturing for about 21 days, 
the cells differentiate completely and form a dense monolayer 
membrane. 

The transmembrane flux of fluorescein sodium was measured. The 
Caco-2 cell monolayer cultured for 21 days was washed with HBSS 
preheated at 37 ◦C, and equilibrated at 37 ◦C and 5% CO2 for 30 min. 
Then 1.5 mL fluorescein sodium solution (100 µg/mL) was added to the 
AP side, and 2.6 mL HBSS solution was added to BL side. The liquid on 
BL side was taken at 0.5 h, 1 h and 2 h, respectively. The fluorescence 
intensity was measured under the conditions of excitation wavelength 
427 nm and emission wavelength 536 nm. The apparent permeability 
coefficient (Papp) was calculated using the following formula.  

Papp = △Q／(△t × A × C0).                                                               

△Q: the passage amount of fluorescein sodium in △t period; A: the 
monolayer area (cm2); C0: the initial concentration of fluorescein so
dium on AP side (μg/mL). 

2.11. Absorption of RLD in Caco-2 cell monolayer 

The Caco-2 cell monolayer was washed three times with HBSS pre
heated at 37℃, and was equilibrated at 37℃ and 5% CO2 for 2 h. Then 
1.5 mL 150 μg/mL RLD (dissolved in DMEM at pH 6.5) was added to AP 
side, and 2.6 mL DMEM was added to BL side. The culture medium on BL 
side was collected at 0 h, 2 h, 6 h and 24 h, and purified by SPE column 
for UHPLC-LTQ-Orbitrap-MS/MS analysis. And Caco-2 cells were 
collected for Western blot. 

2.12. Caco-2/RAW264.7 cell co-culture model 

RAW264.7 cells were inoculated in a 6-well plate at a density of 2 ×
106 cells/well and cultured for 12 h. Then Transwell chambers with 
Caco-2 monolayers cultured for 21 days were transferred to the six-well 
plate containing RAW264.7 cells and balanced for 24 h at 37℃ and 5% 
CO2. The blank group and LPS group were added 1.5 mL pH 6.5 DMEM 
medium on the AP side, and the RLD group was added 1.5 mL 150 μg/ 
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mL RLD solution on the AP side; and all three groups were added with 
2.6 mL DMEM medium at BL side. After cultured for 6 h, LPS was added 
to the BL side of the LPS group and RLD group to make its final con
centration be 1 μg/mL. Cells and supernatants were collected for anal
ysis after cultured for another 12 h. 

2.13. NO, IL-6, IL-8, IL-1β and TNF-α determination 

NO, IL-6, IL-8, IL-1β and TNF-α contents were determined according 
to the instructions of the corresponding kit. 

2.14. Real-Time PCR 

The total RNA was extracted using the RNAeasy™ animal RNA 
extraction kit, and the concentration and purity was determined. The 
total RNA was used as the template to reverse transcribe RNA into cDNA 
using the reverse transcription kit. The fluorescence quantitative reac
tion was performed according to the instructions of the TBGreen® 
Premix Ex Taq™ quantitative PCR kit. The parameters of the reaction 
procedure were as follows: pre-denaturation at 95℃ for 30 s, 95℃ for 5 
s, 60℃ for 30 s, PCR for 39 cycles, 65℃ for 5 s, 95℃ for 50 s. The primer 
sequences of each gene were shown in Table S2. 

2.15. Western blot analysis 

The concentrations of extracted proteins were determined with BCA 
protein kit (Solarbio Science, Beijing, China). The proteins were sepa
rated by SDS-PAGE gel electrophoresis, and transferred to PVDF mem
brane using WB electrotransfer device. Then the PVDF membrane was 
sealed with Quickblock solution (Beyotime Biotechnology, China) at 
room temperature for 1 h. The primary antibody was incubated at room 
temperature for 1 h and then at 4 ℃ overnight. The primary antibody 
was washed away with TBST, and the secondary antibody was incubated 
for 1.5 h at room temperature. Enhanced chemiluminescence detection 
system (BIO-RAD, USA) was used to detect protein bands. GAPDH was 
used as internal reference, and the corresponding protein expression was 
calculated using Image J software. 

2.16. NF-κB p65 nuclear metastasis 

RAW264.7 cells were added to a 6-well plate (1 × 106 cells/well) 
containing 25 × 25 mm glass sheets, and incubated overnight at 37 ◦C 
and 5% CO2. The experimental group was added with 1 mL 1 μg/mL LPS 
and 200 μg/mL RLE or GLE; the positive control group was added with 1 
mL 1 μg/mL LPS; the blank group was added with the same amount of 
DMEM; all group cultured for 24 h. After fixed with 4% 

Fig. 1. Effect of RLE and GLE on cell viability (A) and NO production (B) in LPS-stimulated RAW264.7 cells, n = 6; effect of RLD on Caco-2 cell viability (C), n = 6; 
TEER values of Caco-2 cell monolayer (D), n = 3. The results were expressed as mean ± SD, *: indicated the significant difference between the NC and LPS group, ***: 
P < 0.001. Different letters represent significant difference between LPS and experimental group (P < 0.05). 
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paraformaldehyde solution at 4 ℃ for 30 min, cells were washed with 
PBS. Then the cells were blocked with 5% BSA for 30 min at room 
temperature, and incubated with NF-κB p65 antibody (1:100) at 4 ℃ 
overnight. The results were detected by laser confocal microscope. 

2.17. Statistical analysis 

The results were expressed as mean ± standard deviation (mean ±
SD). SPSS (version 20.0, IBM, USA) was used for univariate ANOVA 
analysis of the experimental data. P < 0.05 indicated that there was a 
significant difference between the data in each group. 

3. Results 

3.1. Effect of RLE and GLE on cell viability and NO secretion of 
RAW264.7 cells 

The CCK-8 kit was used to determine the effects of RLE and GLE on 
RAW264.7 cells viability. As shown in Fig. 1A, RLE and GLE had no toxic 
effect on RAW264.7 cells at 10–250 and 10–300 ug/mL, respectively. 
Therefore, 50, 100, and 200 μg/mL were selected for subsequent 
experiments. 

As shown in Fig. 1B, under the stimulation of LPS, the NO content of 
the positive control group (LPS group) was increased significantly (P <
0.001), while RLE and GLE were significantly inhibited the release of NO 
in a dose dependent manner. At the concentration of 200 μg/mL, the 
inhibitory effects of the two kinds of lentil hull extracts were similar, 
reaching 30.23% and 31.08%, respectively. Studies have shown that the 
polyphenols in beans can effectively inhibit the release of NO (Mirali, 
Purves, & Vandenberg, 2017), which is consistent with our results. 

3.2. Effect of RLE and GLE on iNOS and COX-2 protein and mRNA 
expression in LPS-stimulated RAW264.7 cells 

As shown in Fig. 2A, B, D and E, compared with NC group, the 
protein expression of iNOS (1.08 ± 0.01) and COX-2 (1.86 ± 0.10) in 
RAW264.7 cells were significantly increased after stimulated by LPS (P 
< 0.001), while which were significantly (P < 0.05) down-regulated in a 
dose dependent manner after treated with RLE and GLE, and the effect of 
RLE was better than that of GLE. Treated 200 μg/mL RLE, the protein 
expression of iNOS and COX-2 was reduced by 56.46% and 76.53%, 
respectively. After LPS treatment, the mRNA expression of iNOS and 
COX-2 was significantly higher than that of NC group (P < 0.001); 
however, this result was reversed by all concentrations of RLE and GLE 
(Fig. 2C and F). The results showed that both RLE and GLE could 
significantly reduce the mRNA and protein expressions of iNOS and 
COX-2 in LPS-induced RAW264.7 cells, and the effect of RLE was better. 

3.3. Effect of RLE and GLE on IL-6 and IL-1β production and mRNA 
expression in LPS-stimulated RAW264.7 cells 

The effect of RLE and GLE on the mRNA expression and secretion of 
IL-6 and IL-1β in LPS-stimulated RAW264.7 cells were shown in Fig. 2G, 
H, I, and J. Compared with the NC group, the release and mRNA 
expression of IL-6 and IL-1β were increased significantly after LPS 
stimulation (p < 0.001). After RLE and GLE intervention, both the 
release and mRNA expression of IL-6 and IL-1β were reduced, especially 
at high doses (200 μg/mL). The results showed that both RLE and GLE 
could significantly reduce the IL-6 and IL-1β content to play an anti- 
inflammatory role in LPS-induced RAW264.7 cells, and the effect of 
RLE was better. 

3.4. Effect of RLE and GLE on NF-κB/MAPK signaling pathway and 
nuclear transfer of NF-κB p65 in LPS-stimulated RAW264.7 cells 

In order to further explore the anti-inflammatory effects and 

mechanisms of lentil hull extracts, MAPK and NF-κB signaling pathways 
were detected. As shown in Fig. 3A, and B, compared with the NC group 
(0.39 ± 0.01), the phosphorylation of p38 protein in RAW264.7 cells 
was significantly increased after LPS stimulation (P < 0.001). Never
theless, both RLE and GLE could inhibit the p38 phosphorylation, and 
the inhibitory effect of RLE was concentration-dependent, while GLE 
had the best effect (29.06%) at 100 μg/mL. The expression of NF-κB 
signaling pathway related proteins (IκBα and p65) were shown in Fig. 3C 
and D. Compared with the NC group, the expression of p-IκBα and p-p65 
in LPS-stimulated RAW264.7 cells were increased significantly, reaching 
0.60 ± 0.02 and 0.70 ± 0.00, respectively (P < 0.001). While RLE and 
GLE significantly down-regulated the expression of p-IκBα and p-p65 (P 
< 0.05), in which 200 μg/mL RLE and GLE had the best inhibitory effect 
on p-IκBα (62.68%) and p-P65 (30.76%), respectively. 

NF-κB P65 is widely present in the cytoplasm of normal cells, which 
is transferred to the nucleus and initiates the transcription of 
inflammation-related genes after stimulation by inflammatory factors. 
The increase of p65 nuclear translocation is an important marker of 
inflammatory response. As shown in Fig. 3E and F, after treatment of 
200 μg/mL RLE and GLE, the nuclear metastasis of NF-κB p65 was 
significantly reduced (48.81% and 44.36%) compared with the LPS 
group, which may be related to the decrease of p-IκBα. 

Lentil hull extract exerted a good anti-inflammatory activity through 
inhibition of MAPK and NF-κB signaling pathways, which may be 
related to the rich phenolic substances in the extract. In fact, lentil hulls 
are consumed directly in the diet instead of their extracts, and they have 
to undergo complex intestinal digestion. Food matrix affects the release 
and bioavailability of polyphenols. Studies have shown that dietary fiber 
binds to polyphenols either covalently or non-covalently (Jakobek & 
Matić, 2019; Quirós-Sauceda et al., 2014). Therefore, in vitro digestion 
and co-culture models were established to investigate the digestive fate 
of lentil hull (polyphenols) and the effects of their digestive products on 
intestinal barrier and inflammation. Red lentil hulls with better anti- 
inflammatory effects were used for further research. 

3.5. Effect of in vitro digestion on the TPC, TFC and antioxidant capacity 
of red lentil hulls 

The TPC and TFC in digestion products of red lentil hulls were shown 
in Fig. 4A and B. As the digestion progresses, TPC and TFC were 
increased, indicating that polyphenols can be released from the lentil 
hulls, and their contents were higher than the free and bound TPC (8.32 
± 0.24 and 3.68 ± 0.05 mg GAE/g DW) and TFC (5.28 ± 0.49 and 2.87 
± 0.05 mg CAE/g DW) of lentil hull reported in our previous study 
(Minjia et al., 2021). Interestingly, the TPC and TFC remaining in the 
lentil hull had the highest content after the gastric digestion, which may 
be due to pepsin hydrolyzing the protein in lentil hull and making the 
polyphenols easier to extract. And the changes of antioxidant capacity 
were shown in Fig. 4C, D and E. During digestion, the antioxidant ca
pacity (DPPH, FRAP and ABTS) of digestive juices (OUT part) were 
increased, which was consistent with the continuous release of poly
phenols. However, the antioxidant capacity of the IN part was gradually 
decreased during the digestion process. 

3.6. Changes of main phenolic substances in red lentil hull during in vitro 
digestion 

In our previous studies, polyphenols in red lentil hull were only 
qualitatively analyzed (Minjia et al., 2021). The contents of major 
polyphenols during digestion were quantitatively analyzed in order to 
determine the effect of digestion on the release of polyphenols (Fig. 5A 
and Table 1). As shown in Table 1, coumaric acid derivative (peak 1) and 
isorhamnetin-7-O-glucoside (peak 4) were mainly released in the mouth 
and small intestine; while soybean phenol E glycoside derivative (peak 
5) was not released during oral digestion, but was released in large 
quantities during gastric digestion, reaching 240.81 ± 0.22 μg/g DW; 
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Fig. 2. Effect of RLE and GLE on iNOS, COX-2, IL- 
6, and IL-1β in LPS-stimulated RAW264.7 cells. 
RAW264.7 cells were cultured for 12–18 h, then 
LPS (the final concentration: 1 μg/mL) and sam
ples with different concentrations were added for 
another 24 h. The results were expressed as mean 
± SD, n = 3. *: indicated the significant difference 
between the NC and LPS group, ***: P < 0.001. 
Different letters represent significant difference 
between the LPS and experimental group (P <
0.05).   
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peaks 2 was identified as protocatechuic acid glycoside derivative, 
which was released in small amounts in the mouth and stomach, mainly 
in the small intestine, reaching 2205.09 ± 7.02 μg/g DW, and was the 
most abundant polyphenols; and interestingly, kaempferol tetragluco
side (peak 3) was released in large quantities during oral digestion. In 
general, as the digestion progresses, the content of polyphenols were 
continued to increase (OUT part), suggesting that enzymes in the 
digestive tract (amylase, protease, and trypsin) may facilitate the release 
of polyphenols from red lentil hulls. 

3.7. Caco-2 cell viability and evaluation of Caco-2 cell monolayer model 

The CCK-8 method was used to determine the effects of RLD at 
different concentrations (25, 50, 100, 150, 200, 250, 300, 400 μg/mL) 
on Caco-2 cell viability. As shown in Fig. 1C, the survival rate of Caco-2 
cell was lower than 90% at 200 μg/mL, and it was continuously 
decreasing with the increase of concentration. Therefore, 150 μg/mL 
was selected for subsequent experiments. 

As shown in Fig. 1D, in the first 11 days, the cells were continued to 
differentiate and the TEER value increased rapidly; and it remained 
stable from the 19th day and reached 1924 ± 29 Ω cm2 on the 21st day, 

Fig. 3. Effect of RLE and GLE on NF-κB/MAPK signaling pathway and nuclear transfer of NF-κB p65 in LPS-stimulated RAW264.7 cells. RAW264.7 cells were 
cultured for 12–18 h, then LPS (the final concentration: 1 μg/mL) and samples with different concentrations were added for another 24 h. The results were expressed 
as mean ± SD, n = 3. *: indicated the significant difference between the NC and LPS group, ***: P < 0.001. Different letters represent significant difference between 
the LPS and experimental group (P < 0.05). 
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indicating that a complete and stable Caco-2 cell monolayer has been 
formed. On the other hand, sodium fluorescein was used to determine 
the permeability of Caco-2 cell monolayer. The Papp value of fluorescein 
sodium transported in Caco-2 cell monolayer for 2 h was 3.56 ± 0.11 ×
10− 7 cm/s, which was far below the critical value of 1 × 10− 6 cm/s 
(Table S3). All these results indicated that the Caco-2 cells were tightly 
packed, and the permeability and integrity of the formed monolayer met 
the requirements after 21 days of culture. 

3.8. Absorption and transportation of RLD and its effect on TJs 

The absorption and transportation of RLD in the Caco-2 cell 

monolayer was shown in Fig. 5B, only kaempferol tetraglucoside was 
transported into the basolateral (BL) side, and the content was increased 
over time. Other digestive products were not be detected in the baso
lateral side. Meanwhile, the influence of RLD on tight junction protein 
expression were shown in Fig. 5C and D. After 6 h of culture, the 
expression of occludin protein was increased significantly (P < 0.001), 
and the protein of claudin-1 was increased slightly, indicating that the 
digestion product could promote the expression of tight junction pro
tein. These results suggested that the digestive products of red lentil hull 
can be absorbed by the intestine and may play a role in improving the 
intestinal barrier function. 

Fig. 4. TFC (A), TPC (B) and antioxidant capacity (C, D, E) of the IN and OUT parts of red lentil hull during in vitro digestion. Different letters represent significant 
difference (P < 0.05). 
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Fig. 5. UPLC chromatogram of major 
phenolics in the OUT parts of red lentil 
hull during in vitro digestion (A); TIC 
chromatogram of RLD absorption and 
transport at 0, 2, 6, and 24 h (B); Effects of 
RLD on tight junction proteins of Caco-2 
cells monolayer (C, D). The results were 
expressed as mean ± SD, n = 3. *: indi
cated the significant difference between 
the NC and RLD group, ***: P < 0.001. 
(For interpretation of the references to 
color in this figure legend, the reader is 
referred to the web version of this article.)   
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3.9. Effects of RLD on intestinal barrier and inflammation in Caco-2 
/RAW264.7 co-culture 

The effect of RLD on intestinal barrier and inflammation was shown 
in Fig. 6. After LPS treatment, the Papp value (Fig. 6A) was increased 
significantly and the expression of tight junction protein (Fig. 6B) was 
decreased compared with the normal group (P < 0.05), indicating that 
permeability of Caco-2 cells monolayer was increased and intestinal 
barrier was damaged. While RLD was decreased significantly the Papp 
value and restored intestinal tight junction (claudin-1 and ZO-1). On the 
other hand, digestive products can also relieve intestinal inflammation. 
As shown in Fig. 6E, F, G, and H, LPS added to the BL side could induce 
inflammation in Caco-2 cells and RAW264.7 cells, showing secrete a 
large amount of pro-inflammatory factor (TNF-α, IL-8, IL-1β, and IL-6), 
but they were inhibited after RLD treatment, especially TNF-α and IL-8 
(P < 0.05). Interestingly, RLD had no significant effect on the increase of 
iNOS and COX-2 mRNA expression induced by LPS (Fig. 6C and D). 
These results indicated that polyphenol-rich RLD can improve 
inflammation-induced intestinal barrier dysfunction and be transported 
and absorbed to exert anti-inflammatory effects. 

4. Discussion 

Excessive inflammation is considered as the key factor of many dis
eases, such as cardiovascular disease, chronic inflammatory bowel dis
ease and cancer (Kaminska, 2005). The LPS-induced RAW264.7 cell 
model is widely used to study anti-inflammatory effects and mechanisms 
(X. Hu et al., 2020). Hooshmand et al. (2015) showed that dried plum 
could significantly reduce the expression of COX-2 and iNOS induced by 
LPS, which was attributed to polyphenols in plum, a class of important 
natural antioxidants. In this study, similar results were found, showing 
that the contents of NO, iNOS and COX-2 were significantly reduced 
after RLE and GLE treatment. The rise of these inflammatory mediators 
will cause the expression of inflammatory factors and activate down
stream inflammatory pathways (T. Y. Hu et al., 2019). RLE and GLE 
were able to reduce IL-6 and IL-1β levels, which can induce the release of 
NO and PGE2 and activate inflammatory signal pathways such as 
MAPK/NF-κB to induce and intensify the inflammatory response 
(Dinarello, 2011; Zelova & Hosek, 2013). These data suggested that RLE 
and GLE can alleviate LPS-induced inflammation, which may be related 
to the polyphenols in the extract identified in our previous study, con
tained 12 free phenols and 9 bound phenols (Minjia et al., 2021). 

NF-κB signaling pathway is involved in mediating inflammatory 
response and metabolic regulation. The results shown that RLE and GLE 
significantly down-regulated the phosphorylation expression of IκBα 
and p65 protein, and attenuated the nuclear transfer of NF-κB p65 to 

inhibit the activation of NF-κB signaling pathway. Moreover, MAPK is 
also an important signaling pathway involved in inflammatory response, 
including ERK (involved in cell proliferation and differentiation), JNK 
(responsible for regulating apoptosis and stress response), and P38 
(involved in inflammation and apoptosis) (Zhou et al., 2020). RLE and 
GLE can significantly inhibit the phosphorylation of p38 protein and the 
activation of MAPK signaling pathway. In general, the polyphenol-rich 
lentil hull extract can exert anti-inflammatory effects by inhibiting the 
MAPK and NF-κB signaling pathways and reducing the expression of 
inflammatory factors, and the effect of RLE was better than that of GLE. 

However, whether these polyphenols in the lentil hull can be 
released, absorbed and transported and exert anti-inflammatory effects 
during the digestion process was still unknown. Therefore, the digestive 
fate of phenolic components in red lentil hull and the absorption and 
transport of digested products and their anti-inflammatory activities 
were further explored using in vitro digestion, Caco-2 cell monolayer, 
and Caco-2/RAW264.7 cell co-culture models. The results shown that 
the TPC and TFC in the OUT part were increased from oral to small 
intestine, indicated that polyphenols were continuously released from 
the lentil hull into the digestive juice, which was consistent with the 
changes of antioxidant capacity (DPPH, FRAP, and ABTS). Blancas- 
Benitez, Pérez-Jiménez, Montalvo-González, González-Aguilar, and 
Sáyago-Ayerdi (2018) showed that phenolic compounds released from 
guava fruit reached the highest value in intestinal digestion during in 
vitro digestion, which was similar to the results of this study. Among the 
digestive products, the five main released polyphenols were quantita
tively analyzed, including protocatechuic acid glycoside derivative, 
kaempferol tetraglucoside, coumaric acid derivative, isorhamnetin-7-O- 
glucoside and soybean phenol E glycoside derivative, which were 
continuously released from the lentil hull as digestion progresses and 
were affected by various hydrolytic enzymes in the digestive tract. 

The active substances are absorbed by the intestinal tract into the 
blood, and transported to the corresponding parts to play a specific role. 
The Caco-2 cell monolayer is a common model for studying intestinal 
absorption and transport. Among the digested products, only kaemp
ferol tetraglucoside can be absorbed and transported, which may be 
related to their structure. Flavonoids with more glycosylation were 
demonstrated to be more readily transported across the Caco-2 mono
layer (H. Zhang et al., 2020). And the transported content increased with 
time, indicating that it may enter the body as a bioactive component and 
play a role. Meanwhile, RLD can promote the expression of intercellular 
tight junction proteins (occludin and claudin-1), revealing that RLD may 
have a potential effect on improving intestinal barrier function. How
ever, the absorption and transport mechanism of kaempferol tetraglu
coside is unclear, which is our further research work. 

Intestinal barrier dysfunction can lead to inflammatory bowel dis
ease and colon cancer. Maintaining an appropriate level of tight junc
tions are the key to the treatment of inflammatory bowel disease (Bian 
et al., 2020; Omonijo et al., 2019). Studies have shown that plant 
polyphenols can improve intestinal barrier dysfunction (Sadeghi Ekba
tan et al., 2018). Our results suggested that the polyphenol-rich diges
tive products of red lentil hull (RLD) can restore the mRNA expression of 
tight junctions of Caco-2 cells induced by inflammation and reduce the 
levels of TNF-a, IL-8, IL-1β, and IL-6, although they had no significant 
effect on the expression of iNOS and COX-2 mRNA induced by LPS. 
Meanwhile, MAPK and NF-κB signaling pathways play an important role 
in the LPS or TNF-α induced Caco-2 cell inflammation model. It has been 
reported that the metabolites of polyphenols could exert synergistic anti- 
inflammatory effects by downregulating MAPK and NF-κB signaling 
pathways in a TNF-α induced Caco-2 cell model (Zheng et al., 2021). In 
this case, the effect of RLD on the MAPK and NF-κB pathway in a TNF-α 
induced Caco-2 cell model are worth studying in future. 

In order to simulate the real in vivo environment, Caco-2/RAW- 
264.7 co-culture model was further established to explore the anti- 
inflammation activity of RLD. Generally, the bioactives need to reach 
a certain concentration to exert its effects. Thus, the absorption and 

Table 1 
Changes of major phenolic compounds in the OUT part of red lentil hull during in 
vitro digestion.  

Peak 
number 

Phenolics Standards Content (μg/ g DW) 

Oral Gastric Intestine 

1 Coumaric acid 
derivative 

Gallic acid 266.75 
± 0.42a 

268.28 
± 5.48a 

603.06 
± 33.83b 

2 Protocatechuic 
acid glycoside 
derivative 

Protocatechuic 
acid 

86.83 
± 2.87a 

141.74 
± 6.41b 

2205.09 
± 7.02c 

3 Kaempferol 
tetraglucoside 

Kaempferol 674.67 
± 3.23a 

715.35 
±

10.07bc 

752.33 
± 28.55c 

4 Isorhamnetin-7- 
O-glucoside 

Epicatechin 288.45 
± 8.34b 

278.69 
± 9.07b 

321.64 
± 7.28a 

5 Soybean phenol 
E glycoside 
derivative 

Gallic acid ND 240.81 
± 0.22a 

265.52 
± 2.77b 

ND: not detected. Different letters within the same line indicate significant dif
ference (P < 0.05). 
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Fig. 6. Effect of RLD on intestinal barrier and intestinal inflammation in Caco-2/RAW264.7 co-culture. Papp value of fluorescein sodium in Caco-2 cell monolayer 
(A); the mRNA expression of claudin-1 and ZO-1 in Caco-2 cells (B); iNOS (C), COX-2 (D) and TNF-α (E) in RAW264.7 cells; IL-6 (H) and IL-1β (G) in the supernatant 
(BL side) of RAW264.7 cells; IL-8 (F) in the supernatant (AP side) of Caco-2 cells. The results were expressed as mean ± SD, n = 3. *: indicated the significant 
difference between the NC and LPS group, **: P < 0.01, ***: P < 0.001. Different letters represent significant difference between the LPS and experimental group (P 
< 0.05). NS means no significant difference. 
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transportation of RLD in the Caco-2 cell monolayer were previously 
investigated, results showed that only kaempferol tetraglucoside was 
transported into the basolateral (BL) side, which indicated that the 
finally in vivo concentrations of bioactives were much lower that of RLD 
we used within a reasonable range, but it still exhibited strong anti- 
inflammatory activity. Therefore, they do provide important insights 
into the anti-inflammatory effects of lentil hull polyphenols. 

5. Conclusion 

In conclusion, RLE and GLE exerted anti-inflammatory effects by 
inhibiting the activation of MAPK and NF-κB signaling pathways, and 
the effect of RLE was better. Meanwhile, after digestion by gastroin
testinal tract, phenolic substances in the red lentil hulls are released 
continuously, and these digestive products can promote the expression 
of tight junction proteins, and be absorbed and transported to play a 
certain anti-inflammatory effect. These findings provide a theoretical 
basis for the development of lentil hulls and could be a potential func
tional dietary resource for the prevention of inflammatory diseases. 
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