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Abstract: The intestinal epithelial barrier is the primary and most significant defense barrier against
ingested toxins and pathogenic bacteria. When the intestinal epithelium barrier is breached, inflam-
matory response is triggered. GWAS data showed that endoplasmic reticulum (ER) stress markers
are elevated in Inflammatory Bowel Disease (IBD) patients, which suggests ER stress regulation
might alleviate IBD symptoms. Ferulic acid (FA) is a polyphenol that is abundant in plants and has
antioxidant and anti-inflammatory properties, although it is unclear whether FA has these effects
on the intestine. Therefore, we investigated the effect of FA in vitro and in vivo. It was found that
FA suppressed ER stress, nitric oxide (NO) generation, and inflammation in polarized Caco-2 and
T84 cells, indicating that the ER stress pathway was implicated in its anti-inflammatory activities.
The permeability of polarized Caco-2 cells in the presence and absence of proinflammatory cytokines
were decreased by FA, and MUC2 mRNA was overexpressed in the intestines of mice fed a high-fat
diet (HFD) supplemented with FA. These results suggest that FA has a protective effect on intestinal
tight junctions. In addition, mouse intestine organoids proliferated significantly more in the presence
of FA. Our findings shed light on the molecular mechanism responsible for the antioxidant effects of
FA and its protective benefits on the health of the digestive system.

Keywords: ferulic acid; ER stress; pro-inflammatory response; intestinal epithelial cells

1. Introduction

The gut epithelial barrier is the first and most important defense against ingested
pathogens such as toxins, viruses, and bacteria. Innate immune response in gut epithelial
cells is activated through the Toll-like receptor (TLR) pathway, the nucleotide-binding
oligomerization domain (NOD) pathway, or autophagy, which are the characteristics of
cell stress response. Furthermore, a fine balance exists between intestinal microbiota
and the ability of the intestinal epithelial barrier to protect intestinal epithelium, which
largely determines gut health. Thus, intestinal epithelial cells play an important role in
immunological homeostasis.

Polyphenols are important antioxidants with antibacterial, anti-allergic, antiviral, and
anti-cancer properties, and ameliorate the effects of immunological inflammatory dis-
eases. Ferulic acid (FA, (2E)-3-(4-hydroxy-3-methoxyphenyl)prop-2-enoic acid) is a dietary
polyphenol and is abundant in the cell walls of plants such as wheat, oats, coffee beans,
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apples, oranges, peanuts, pineapples, and artichokes [1]. Whole grains are a rich source of
phenolic compounds, mainly hydroxycinnamic acids, which is FA [2–4]. In foods, FA exists
mainly as the trans-isomer and is covalently bound to arabinoxylan chains of cell wall
polysaccharides by ester bonds [5,6]. FA exhibits a wide range of biological activities but is
best known for its ability to neutralize reactive oxygen species (ROS) [7,8]. However, recent
studies have shown FA has diverse pharmacological effects such as anti-diabetic [8,9], and
anti-bacterial effects against E. coli, Helicobacter pylori, and Shigella sannei [10], neuroprotec-
tive effects, especially in the context of amyloid β protein toxicity [11–16], a brightening
effect on skin [17], and anti-cancer effects [18–20]. In addition, FA has been reported to
induce hypoxia and enhance the angiogenesis of human umbilical vein endothelial cells
(HUVEC) by increasing the expressions of HIF-1α and vascular endothelial growth factor
(VEGF) [21] and to specifically enhance the neurogenic differentiations and survivals of
different types of stem cells in vitro and in vivo [22,23]. Most interestingly, many stud-
ies have investigated the anti-inflammatory effects of FA on inflammatory mediators in
rats [24] and its suppression of neuronal ER stress by regulating the unfolded protein
response signaling pathway and apoptosis [25]. However, few studies have examined
the mechanism responsible for the anti-inflammatory effect of FA on polarized human
intestinal epithelial cell lines.

Cells act in a coordinated manner to maintain homeostasis in response to sudden
changes in their environment [26]. Disruption of cellular physiologic equilibrium is called
cell stress, and among them, disruptive events in ER, which is the organelle mainly re-
sponsible for protein synthesis and signal transduction, cause ER stress. When ER stress
sensors on the ER membrane, such as inositol requiring enzyme 1α (IRE1α), protein kinase
R (PKR)-like endoplasmic reticulum kinase (PERK), and ATF6, are activated by ER stress,
BiP (a 78 kDa binding-immunoglobulin protein) bound to the ER luminal domain of ER
stress sensors is released into ER lumen [27,28]. Of the three ER stress sensors, IRE1α is the
most potent sensors among three and participates in the noble innate immune surveillance
system [29] IRE1α is activated by autophosphorylation and this leads to endoribonuclease
activity and the splicing of X-box binding protein 1 (XBP1) mRNA to produce the spliced
form called XBP1s; is a potent transcriptional activator. XBP1s catalyzes the synthesis of
the ER-chaperones such as BiP and proteins related to unfolded protein response (UPR) to
relieve initial ER stress [27,30–32]. However, persistent ER stress leads to a signaling switch
from survival pathways to apoptosis due to the sustained activation of PERK, which results
in the activations of C/EBP homologous protein (CHOP) and DNA damage-inducible
protein 34 (GADD34), the inhibition of eukaryotic initiation factor 2α (eIF2α) inducing
apoptosis of the cells [33,34].

Recent genome-wide association studies (GWAS) have shown inflammatory bowel dis-
ease (IBD) is causally associated with ER stress and that chronic ER stress is a characteristic
of various inflammatory diseases [35–39].

Therefore, we investigated the effect of FA on ER stress-associated inflammatory
response of intestinal epithelium under physiologic and pathologic conditions in vitro and
in vivo.

2. Materials and Methods
2.1. Reagents

FA, Thapsigargin, Hanks’ balanced salts (HBSS), 4-(2-hydroxyethyl)-1-piperazineethan-
esulfonic acid (HEPES), and 4 kDa fluorescein isothiocyanate-dextran (FITC-dextran) were
purchased from Sigma Aldrich Co., (St. Louis, MO, USA). Lipopolysaccharide (LPS) was
purchased from Invivogen (San Diego, CA, USA). IFNγ, TNFα, and IL1β were purchased
from JW Creagene (Seongnam, Gyeonggi-do, Korea). FA was dissolved in 95% ethanol and
Tg was dissolved in 100% DMSO and was used at a final concentration of 3 uM. Chloroform
was purchased from JUNSEI (Junsei Chemical Co., Ltd., Tokyo, Japan) and isopropanol
from DUKSAN (Reagent Duksan Co., Ansan, Gyeonggi-do, Korea).
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2.2. Cell Culture

Human intestinal epithelial cells, Caco-2 and T84, were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA). ER stress marker-knockout Mouse
Embryonic Fibroblast (MEF) cells were a generous gift from David Ron (University of Cam-
bridge, Cambridge, UK). The cells were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM; Thermo Fisher Scientific, Waltham, MA, USA) with 1% Penicillin-Streptomycin
(Sigma-Aldrich Co., Saint louis, MO, USA) and 10% heat-inactivated fetal bovine serum
(FBS) (Thermo Fisher Scientific) at 37 ◦C under an atmosphere containing 5% CO2.

To polarize Caco-2 and T84 cells, rat tail collagen I (Corning Inc., New York, NY, USA)
was diluted in 0.02 N acetic acid to a final concentration of 100 µg/cm2 on the polycarbonate
membrane in the Transwell plates (Corning), and then dried overnight under a laminar
flow in the cell culture hood. Residual acetic acid was removed by washing with PBS
and cells were plated onto collagen coated Transwell membranes, cultured, and polarized
for 2–3 weeks. Polarization represented by resistance of the monolayer of the cells was
measured by volt meter (World Precision Instruments, Sarasota, FL, USA) before the
experiments. Polarized cells were pretreated with FA apically for 24 h, then treated apically
with cytokine cocktail (CT: 50 ng/mL human TNFα + 50 ng/mL human IFNγ + 25 ng/mL
human IL1β + 10 µg/mL LPS) for additional 24 h.

2.3. Experimental Animals
2.3.1. Mice

Male C57BL/6 mice aged 4 weeks were purchased from Daehan BioLink (Eumseong,
Chungcheongbuk-do, Korea), housed in groups of five per cage and had free access to
food and tap water in a pathogen-free animal care facility at RH 50 ± 5% and 20 ± 1 ◦C
under a 12:12 h light–dark cycle (lights on at 8:00 a.m.). After one week of quarantine,
mice were allocated to groups of 4 and fed a standard chow diet (S: #D12450J, Research
Diet Inc., New Brunswick, NJ, USA), a standard chow diet with FA (SF: 50 mg/kg FA in
chow diet), a high-fat diet (HF: #D12492, Research Diet Inc.), or a high-fat diet containing
FA (HFF: 50 mg/kg FA in the HF) for 8 weeks. Animals were fasted for an hour before
sacrifice. All animal experiments were approved beforehand by the Committee of Animal
Care and Experiment of Hannam National University (HNU 2016-6) and were carried out
in accordance with the requirements of the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 8023, revised 2011).

2.3.2. Zebrafish

Zebrafish were maintained at 28 ◦C under a 14 h (light) and 10 h (dark) cycle. Brine
shrimps were raised in the laboratory and fed to the fish four times a day. To collect
fertilized embryos, individual males and females were separated in a mating cage overnight
and spawned the next morning. To evaluate toxicity to zebrafish embryos, fertilized
eggs were washed five to six times with a solution of 4 ppm methylene blue in 0.1%
egg water and washed again with a solution of 1 ppm methylene blue. Intact fertilized
eggs selected under a microscope were plated in 96-well plates (5 eggs/well) in standard
embryo water (1 g/L salt water with 100 µL/L Methylene Blue) and treated with various
concentrations of FA for various times as indicated. Embryos were imaged using a DM2000
(Leica Co., Wetzlar, Germany) and a SZ2-ILST microscope (Olympus, Tokyo, Japan). All
experiments on zebrafish were performed after obtaining approval by the Animal Care and
Use Committee of Chungnam National University (CNU-00878).

2.4. Cell Viability Assay

Caco-2 cells were seeded on a 96-well plate and treated with various concentrations of
FA for 24 h or 48 h. Viability were examined using an EZ-Cytox WST assay kit according to
the instruction (Daeil Lab Service Co., Ltd., Seoul, Korea). Absorbances were measured at
450 nm using Microplate Spectrophotometer (xMark™, Bio-Rad, Hercules, CA, USA).
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2.5. Nitric Oxide (NO) Assay

Polarized Caco-2 cells were pretreated apically with various concentrations of FA for
24 h and then apically with a cytokine cocktail for a further 24 h in the presence of FA. The
amount of nitrite produced by cytokines in the upper chamber was measured using Griess
reagent (Promega Co., Madison, WI, USA), according to the manufacturer’s instructions
using a xMark™ Microplate Spectrophotometer. Amounts of NO produced were calculated
using a NaNO2 reference plot.

2.6. Cell Permeability Assay

Polarized Caco-2 cells were treated with FA apically for 24 h then with the cytokine
cocktail for 24 h. Upper and lower chambers were washed with HBSS/HEPES. FITC-
dextran at 1 mg/mL was added to the upper chamber and fresh HBSS/HEPES was added
to the lower chamber. Fluorescein absorbance from basal media in the lower chamber was
measured over time using a multimode detector (DTX800, Beckman Coulter Inc., Brea,
CA, USA).

2.7. Mouse Intestine Epithelial Cells (IECs) Isolation

The mice were sacrificed, and the small intestine was immediately taken out and
flushed with ice-cold PBS. For isolation of IECs, pieces of the small intestine were washed
three times in ice-cold PBS and were incubated with 1 mM Dithiothreitol (Bio-Rad) for
10 min minutes in a shaker (Seiko Bioscience Co., Seongnam, Gyeonggi-do, Korea) in order
to remove mucus in the lumen. After washing with PBS, pieces were incubated in 1 U/mL
DISPASE II (Godo Shusei Co., Tokyo, Japan) at 37 ◦C for 30 min with shaker at 2500 rpm.
The isolated epithelial cells were filtered through a 100 µm cell strainer (Becton, Dickinson
and Co., Franklin lakes, NJ, USA) and centrifuged at 2500 rpm for 5 min. The cells were
resuspended in 5 mL 100% Percoll (GE Healthcare, Chicago, IL, USA), followed by layering
with 8 mL 40% Percoll in RPMI. Cells were centrifuged for 20 min at 1500 rpm without
braking, and IECs were collected from the top 30% and washed with RPMI

2.8. Gene Expression in Real-Time Polymerase Chain Reaction (PCR)

Whole tissue (30 mg) was homogenized using a gentleMACS ™ Dissociator
(Miltenyi Biotec. Co., Bergisch Gladbach, Germany) with TRI reagent (MRC Inc., Cincinnati,
OH, USA) to isolate total RNA. For extraction from the cells, TRI reagent was added directly
to the cells after removing the cell medium. Then, chloroform (Junsei Co., Tokyo, Japan)
was added, and the homogenate was centrifuged at 12,000 rcf for 15 min at 4 ◦C. The
supernatant was collected, isopropanol (Duksan Co., Ansan, Gyeonggi-do, Korea) was
added, and centrifuged at 12,000 rcf for 8 min at 20 ◦C. The supernatant was removed,
and the RNA concentration from the pellet was quantified using a NanoDropTM ONE
spectrophotometers (NanoDrop ONE, Thermo Fisher Scientific Inc., Waltham, MA, USA).
The cDNA synthesis was performed using an RT-Kit according to the instruction (M-MLV,
RNase H-, Bio-Fact Co., Daejeon, Korea). mRNA expression levels were assessed by Ari-
aMx1.0 Real Time PCR system (Agilent Co., Santa Clara, CA, USA) using the 2× Real-Time
PCR Master Mix (Including SYBR Green I, Low ROX, Bio-Fact Co.). The primer sequences
used are detailed in Table 1.

2.9. Histological Staining of Intestines

Hematoxylin and Eosin (H&E) staining was performed to analyze the architecture of the
intestine. The ileum section of the mouse was washed with 10% formaldehyde and stored
until before analysis. From a paraffin block containing the samples, slices were cut, after
mounted on glass slides, and stained with H&E (T&P Bio, Gwangju, Gyeonggi-do, Korea).
All stained tissues were taken with an optical microscope (OLYM-PUS, Tokyo, Japan).
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Table 1. Real-time PCR primer sequences for human and mouse.

Gene Accession Number Primer Sequence (5′→3′)

hGAPDH NM_001357943.2
Fw ATG GGG AAG GTG AAG GTG G
Rv GGG GTG ATT GAT GGC AAC AAT A

hIL8 NM_001354840.3
Fw GTT TTT GAA GAG GGC TGA GAA TTC
Rv CAT GAA GTG TTG AAG TAG ATT TGC TTG

hXBP1s NM_001393999.1
Fw AAC CAG GAG TTA AGA CAG CGC TT
Rv CTG CAC CCT CTG CGG ACT

mβ-actin NM_007393.5
Fw GGC TGT ATT CCC CTC CAT CG
Rv CCA CTT GGT AAC AAT GCC ATG T

mMUC2 NM_023566.4
Fw GCC TGT TTG ATA GCT GCT ATG TGC C
Rv GTT CCG CCA GTC AAT GCA GAC AC

mIL1β NM_008361.4
Fw GAA ATG CCA CCT TTT GAC AGT G
Rv TGG ATG CTC TCA TCA GGA CAG

mIL10 NM_010548.2
Fw CTT ACT GAC TGG CAT GAG GAT CA
Rv GCA GCT CTA GGA GCA TGT GG

mIFNγ NM_008337.4
Fw TCA AGT GGC ATA GAT GTG GAA GAA
Rv TGG CTC TGC AGG ATT TTC ATG

mIL6 NM_001314054.1
Fw CTG CAA GAG ACT TCC ATC CAG
Rv AGT GGT ATA GAC AGG TCT GTT GG

2.10. Intestinal Organoid Culture

Intestines of male C57BL/6 mice littermates were opened longitudinally, washed with
PBS. EDTA at 2.5 mM was added to small intestine pieces and shaken at 4 ◦C for 30 min.
After settling down, basal medium (Advanced DMEM/F12) supplemented with Glu Max
and HEPES was added to tissues, pipetted three times and centrifuged at 1200 rcf for
5 min. The pellets with organoid cells were resuspended in the same basal media and then
passed through a 70 µm filter. The cell suspension was centrifuged down at 300 rcf for
2 min and the organoid pellets obtained were mixed with different concentration of FA or
wild type cholera toxin as a positive control. The cell solution was mixed with Matrigel
on a 24-well plate; once the Matrigel was polymerized, conditioned media supplemented
with Wnt3a, R-spondin-3, and Noggin and basal media with B-27® Supplement minus
Vitamin A (B27), N-2 Supplement (N2), NAc (N-Acetyl-L-cysteine), Epidermal Growth
Factor (EGF) were added to the gel. Organoids were imaged using a Leica stereomicroscope
(Leica-Microsystems, Wetzlar, Germany).

2.11. Statistics

All experiments were conducted three or more times, and data analysis was conducted
using SPSS/Windows 24.0 (SPSS Inc., Chicago, IL, USA). Representative results are pre-
sented as means ± SEM. A Student’s t-test was used to examine the difference between
the mean values between the two groups. One-way ANOVA was performed to analyze
the difference between the mean values of three or more groups. After one-way ANOVA,
the difference between the independent variables was confirmed using Duncan’s multiple
range test, and the statistical significance was defined as being statistically significant when
p < 0.05.

3. Results
3.1. Determination of Ferulic Acid Concentration for Toxicity In Vitro and In Vivo

To assess the dose-dependent toxicity of FA in vitro, cell viabilities were determined
on Caco-2 using a WST assay (Figure 1). Up to 500 µM FA, cell survival was 100% for
24 h, while 1250 µM FA significantly reduced cell viability (Figure 1a). From a concen-
tration of 500 µM, 48 h of treatment with FA drastically reduced cell viability (Figure 1b).
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Based on these results, FA was administered at a concentration of 0–500 µM for 24 h in
subsequent experiments.
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Figure 1. Effect of ferulic acid on cell viability. Caco-2 cells were treated with FA at the indicated
concentrations for 24 h (a) or 48 h (b). Cell viabilities were measured using a WST assay. Results are
presented as percentages of viable cells versus untreated cells. Zebrafish embryos were incubated
with or without FA for 76 h per fertilization (hpf) (c). Pictures were taken at each time point. Data are
the means ± SEM of three independent experiments. Duncan’s multiple range test was performed
after one-way ANOVA to determine the significances of differences between FA groups. Significant
differences are expressed as **: p < 0.01, and indicated by different letters. FA: ferulic acid; hpf: hours
post fertilization.

Although there is less than 70% gene homology between zebrafish and humans,
zebrafish are commonly used as vertebrate animal models for drug toxicity, drug screening
as well as the study of human diseases such as diabetes, obesity, fatty liver disease, and
cardiovascular disease due to the high similarity between disease phenotypes [40–42]. Short
assay times, reliability, straightforward maintenance, and environmental control are all
advantages of these models, which require just modest amounts of drugs for quantitative
assays. To optimize the concentration of FA used in subsequent experiments, we used a
zebrafish embryo model for toxicity assessment.

To investigate the toxicity of FA in vivo, zebrafish embryos were exposed to FA and
their development was observed (Figure 1c). Embryos exposed to FA at concentration of
250 µM and higher failed to develop. When compared with untreated eggs, there was no
overt phenotypic alteration (e.g., swelling of the cardiac cavity, digestive tract, or heart)
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and no circulation abnormalities, hyper-motility, growth stunting, or tail curvature once
the eggs had hatched.

3.2. FA Attenuated Nitric Oxide (NO) Production and Protected the Tight Junctions of Polarized
Caco-2 Cells

To investigate the anti-oxidation effect of FA, polarized intestinal epithelial cell lines,
Caco-2 cells, were pretreated with FA for 24 h before being stimulated with CT for an-
other 24 h. Griess reagents were then used to measure NO production (Figure 2a). CT
increased NO levels significantly (p < 0.001) as compared to negative controls (unstimulated
condition, white bar). However, CT-induced NO generation was significantly reduced
even at the lowest concentration of FA, suggesting FA attenuates NO production induced
by inflammation.
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Figure 2. Ferulic acid’s antioxidant and protective effects on tight junctions in polarized Caco-2 cells.
Polarized Caco-2 cells were pretreated with the indicated concentrations of FA apically for 24 h
and then without (b) or with (c) cytokine cocktail (50 ng/mL human TNFα+ 50 ng/mL human
IFNγ+ 25 ng/mL human IL1β+ 10 µg/mL LPS) apically for 24 h. Conditioned media were harvested,
and NO levels were determined using Griess reagent (a). + means that CT is present. The cells were
then washed and treated with HBSS buffer containing 1 mg/mL of FITC-dextran on apical sides.
Fluorescein absorbance was measured at the indicated times. Data are the means ± SEM of the
representative experiment. Duncan’s multiple range test was performed after one-way ANOVA to
determine the significances of differences between FA groups. Significant differences are expressed as
**: p < 0.01; #: p < 0.001, and indicated by different letters. The significances of stimulant effects in the
absence of FA versus negative controls were determined using the Student’s t-test and are expressed
as +++: p < 0.001. FA: ferulic acid; CT: cytokine cocktail.

To investigate how FA affects the tight junctions of polarized Caco-2 cells monolayer,
the cells were pretreated with FA for 24 h and then stimulated with CT for another 24 h
(Figure 2b,c, respectively). The cells were washed, and 1 mg/mL of FITC-dextran in
HBSS buffer was introduced to the upper chamber. The fluorescence of the medium in
the bottom chamber was measured at various time period and computed as percentage
cumulated permeability versus 1 mg/mL of FITC-dextran. FA pretreatment significantly
reduced permeability compared to untreated cells, implying that FA had a dose-dependent
protective effect on epithelial cell tight junctions (Figure 2b). When cells pretreated with
FA were stimulated with CT for 24 h to induce inflammation, cumulated permeability rate



Antioxidants 2022, 11, 1448 8 of 18

went up faster in 24 h compared to unstimulated condition and FA treated cells showed
significantly reduced permeability than untreated controls (Figure 2c). These results suggest
that FA preserve the tight junctions of intestinal epithelial cells in a dose response manner,
regardless of the presence of inflammation.

3.3. FA Attenuated Pro-Inflammatory Response and ER Stress in Polarized Intestinal
Epithelial Cells

We then examined pro-inflammatory cytokine levels in polarized human intestinal
epithelial cells treated with FA to see how it affected the cells (Figure 3). The expression
of IL8 mRNA, a pro-inflammatory response indicator, increased considerably when po-
larized T84 cells were treated with 0.1 µg/mL interleukin 1β (IL1β) or 100 ng/mL TNFα,
(Figure 3a). FA, on the other hand, dramatically reduced IL8 mRNA expression induced
by IL1β or TNFα, indicating that FA had an anti-inflammatory effect on human intestinal
epithelial cells in the presence of inflammation.
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Figure 3. Inhibitory effect of ferulic acid on ER stress and proinflammatory response in polar-
ized human intestinal epithelial cells. Polarized human intestinal epithelial cells ((a,c,d) T84 cells,
(b) Caco-2 cells) were pretreated with the indicated concentrations of FA for 24 h and then treated
with either 0.1 µg/mL IL1β only, 100 ng/mL TNFα only, or cytokine cocktail (50 ng/mL human
TNFα+ 50 ng/mL human IFNγ+ 25 ng/mL human IL1β+ 10 µg/mL LPS) apically for 24 h. Three uM
of Tg was treated apically for 1 h to examine XBP1s expression or 4 h to examine BiP expression.
Total RNAs were extracted and cDNAs were prepared for real-time qPCR. Human IL8, BiP and
XBP1s transcript levels were normalized versus human GAPDH. Data are the means ± SEM of the
representative experiment. Duncan’s multiple range test was performed after one-way ANOVA to
determine the significant differences between FA groups expressed as **: p < 0.01; ***: p < 0.001, and
indicated by different letters. The significances of stimulant effects compared to negative controls in
the absence of FA were determined using the Student’s t-test and are expressed as ++: p < 0.01. FA:
ferulic acid; CT: cytokine cocktail; Tg: Thapsigargin.
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To rule out the possibility of various cell-specific phenotypes, we examined the effects
of FA on Caco-2. As expected, IL8 induction was observed in Caco-2 cells treated with the
cytokine cocktail (Figure 3b). FA at 5 and 50 µM attenuated this effect, although not in
dose-dependent manner (p < 0.01).

BiP is the hallmark of ER stress. We examined, then, whether cytokine-induced
inflammation is related to ER stress by investigating BiP mRNA level in T84 cells treated
with FA followed by IL1β or TNFα treatment (Figure 3c). As shown in Figure 3c, IL1β or
TNFα treatment induced upregulation of BiP levels and this phenotype were inhibited by
FA significantly, suggesting that FA might attenuate inflammation, which confirmed in
above result, by downregulating ER stress.

The spliced form of XBP1 (XBP1s) lay downstream of IRE1α activation, the most
powerful ER stress sensor found on the ER membrane. Therefore, to confirm the effects
of FA on ER stress in the presence of inflammation, the induction of XBP1s by FA was
normalized and shown as fold changes (Figure 3d). Tg treatment was used as a positive
control for ER stress induction as measured by XBP1s induction. The expression of XBP1s
was significantly elevated by apical treatment with 0.1 µg/mL IL1β, 100 ng/mL TNFα or
3 uM Tg, showing that pro-inflammatory cytokines cause XBP1 splicing on human intesti-
nal epithelial cells. Moreover, XBP1s levels induced by IL1β or TNFα were considerably
reduced in the presence of FA, confirming FA prevented inflammation-induced ER stress.

In conclusion, FA attenuated both inflammation and ER stress induced by cytokines
in polarized human intestinal epithelial T84 cells and Caco-2 cells, marking the first time
FA has been shown to reduce inflammation and ER stress involving the cytokine-induced
XBP1s pathway.

3.4. FA Attenuated Proinflammatory Response via IRE1a and PERK Pathways on Polarized
Intestinal Epithelial Cells

The anti-inflammatory properties of FA were validated in the above experimental
data, as was the reduction of ER stress caused by inflammation reflected by XBP1s. To
identify the inhibitory mechanism of ER stress by FA, MEF cells were employed in which
each gene regulating the ER stress pathway was knocked out (KO). The induction of IL6,
a pro-inflammatory indicator, by FA itself was normalized and shown as fold changes
(Figure 4).

Although 250 µM of FA greatly increased IL6 mRNA expression in wild type (wt) MEF
cells in the unstimulated condition (data not shown), since it was proven that Tg treatment
also relatively and significantly increased the pro-inflammatory index IL6, it resulted in a
significant decrease in the fold change of IL6 mRNA level by FA (Figure 4a).

Tg dramatically boosted IL6 induction in IRE1α KO cells lacking IRE1α, a major
pathway of ER stress, most likely due to activation of alternate pathway via PERK or ATF6
(Figure 4b). However, Tg-induced IL6 mRNA expression was considerably higher in the
presence of FA contrast to in wt MEF cells (Figure 4b). This implies that the IRE1α pathway
is important for the inhibition of inflammation by FA.

In the presence of FA, however, XBP1 KO MEF cells with XBP1 gene deletion reduced
inflammation, similar to the results of wt MEF cells, suggesting XBP1-independent IRE1α
pathways in the mechanistic effect FA on ER stress (Figure 4c). On the other hand, Tg did
not promote IL6 mRNA expression in PERK KO MEF cells in the absence of PERK (white
bar, Figure 4d). Further research appears to be required, because the precise mechanism for
this has yet to be determined. However, we can assume that PERK, rather than IRE1α, play
a major role in Tg-induced IL6 induction at least in our MEF cell lines. Nevertheless, IL6
were induced by Tg significantly by FA in the absence of PERK, implying that PERK might
play important role in the effect of FA inhibiting inflammation.

As a result, our findings suggest that the XBP1-independent IRE1α and PERK path-
ways are involved in FA’s anti-inflammatory effect. Other ER stress indicators, such as BiP,
PERK downstream target gene CHOP, IRE1α downstream target gene ERdj4, and EDM,
will need to be identified in future investigation.
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Figure 4. Effect of ferulic acid on the anti-inflammatory response in ER stress-induced MEF cells. FA
were pretreated for 24 h before being treated for 4 h with Thapsigargin (Tg) on wild type (wt) (a),
IRE1α Knock-Out (KO) (b), XBP1 KO (c), PERK KO (d) MEF cells. Total RNA were extracted and
cDNA were prepared for real-time qPCR. Mouse IL6 and XBP1s level were normalized by mouse
β-actin. Data are the means ± SEM of the representative experiment. Duncan’s multiple range test
was performed after one-way ANOVA to determine the significant differences between FA groups,
which were expressed as **: p < 0.01; ***: p < 0.001, and indicated by different letters. FA: ferulic acid;
Tg: Thapsigargin.

3.5. FA Decreased Inflammatory Response of the Intestine In Vivo

Obesity is caused by the accumulation of adipose tissue around peripheral blood ves-
sels, which generates a hypoxic environment that promotes the secretion of inflammatory
cytokine, leading to chronic mild inflammation [41]. For 8 weeks, mice were fed a high-fat
diet (HFD) supplemented with 50 mg/mL FA to see how it works. The mice were then
euthanized, their entire small intestines harvested, and intestinal epithelial cells (IECs)
isolated (Figure 5).

Mice fed a regular chow diet supplemented with FA (SF) had similar intestines to
animals fed a chow diet (S), whereas mice fed an HFD (HF) had greater lymphocyte
infiltration than mice fed a chow diet (S) (Figure 5a). The villi of the small intestine
were also disrupted in the HF group compared to SF or S groups. However, mice fed an
HFD supplemented with FA (HFF) had less lymphocyte infiltration and epithelial barrier
disruption than those observed in HF group.

To quantify inflammation, we measured the levels of proinflammatory markers in
whole small intestine or IECs by real time PCR. Mucin 2 (oligomeric mucus gel forming
protein), also known as MUC2, is a protein secreted onto mucosal surfaces by goblet
cells in gut where it forms an insoluble mucous barrier that protects intestinal epithelium.
Interestingly, we found MUC2 mRNA level on whole small intestines were significantly
increased in mice fed with FA, which indicated FA somehow upregulates MUC2 mRNA
expression to reinforce the protective mucin layer on intestinal epithelium (Figure 5b).
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Figure 5. Anti-inflammatory effect of ferulic acid in vivo. The mice were fed a chow diet or a high-fat
diet supplemented with 50 mg/mL FA for 8 weeks, and then whole intestinal tissues were harvested
for H&E staining with 10× magnification (a) and qPCR measurements of Mucin 2 (b), IL1β (c),
and IFNγ (d). Small intestine epithelial cells (IEC) were used to quantify IFNγ (e) and IL6 (f) by
qPCR. Data are expressed as means ± SEM. Duncan’s multiple range test was performed after
one-way ANOVA to determine the significances of group differences expressed as *: p < 0.05 and
indicated by different letters. The significances of the effects of FA compared to control group were
analyzed using the Student’s t-test +: p < 0.05; ++: p < 0.01. S: standard chow diet; SF: standard chow
diet supplemented with 50 mg/mL FA; HF: high-fat diet; HFF: high-fat diet supplemented with
50 mg/mL FA.

HFD-induced inflammation, as represented by IL1β induction, was reduced by FA sup-
plementation, while the difference was not significant, supporting FA’s anti-inflammatory
action in vitro (Figure 5c).

IFNγ is a cytokine critical for both innate and adaptive immunity, an important
activator of macrophages, and inducer of Class II major histocompatibility complex (MHC)
molecule expression. The potential of IFNγ to inhibit viral replication directly, as well as
its immunostimulatory and immunomodulatory effects, make it important in the immune
system. Interestingly, even in the presence of mild inflammation by HFD, IFNγ was
increased significantly by FA treatment on the entire small intestinal tissue (Figure 5d)
as well as the IECs (Figure 5e) in the SF group compared to the S group. Since IFNγ

is predominantly produced by natural killer (NK) and natural killer T (NKT) cells, our
observation that FA makedly increased IFNγ expression in whole tissue comprising all
other immune cells could indicate that FA plays an important role in host’s immune system
(Figure 5d). FA also directly induced IFNγ in the intestinal epithelial cells, which serve as a
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direct defense barrier, as seen in Figure 5e, indicating that FA protected the immune system
via an indirect immunomodulatory effect.

Additionally, HFD did not induce IFNγ compared to control as expected and in
the presence of mild inflammation represented as HFD, FA induced IFNγ mRNA level
significantly in HFF group compared to HF group, confirming the immunomodulatory
protective effect of FA.

In addition, albeit not significantly, proinflammatory cytokine IL6 mRNA expression
was reduced in the IECs of mice fed with FA (Figure 5f).

3.6. FA Increased Proliferation of the Mouse Small Intestine Organoids

Since FA was found to have anti-oxidative and anti-inflammatory effects and to protect
the tight junctions of human intestinal epithelial cells, we used mouse intestinal organoids
to investigate whether FA affects the normal development of intestinal stem cells. Small
intestines were harvested, intestinal organoids were isolated and cultured in 3D Matrigel
for a week in the absence or presence of FA to observe the proliferation of organoids.
Cholera toxin, a representative of natural bacterial toxins that infect the intestine, was
used as a positive control to examine whether the intestinal organoid system facilitated the
absorption of FA into Matrigel properly. If the toxins functioned, organoids would die and
turn black, and if they grew, they would show protruding blobs (black arrow). Organoids
in our system showed a dose-dependent increase in protruding blobs with larger clumps
in the presence of FA, suggesting that FA induces cell proliferation (Figure 6). However,
treatment with 3 nM cholera toxin for 4 h incubation killed the organoids even in the
presence of FA. In contrast, organoids did not proliferate in the presence of Tg when FA was
absent. Organoids surprisingly proliferated when treated with FA in the presence of Tg,
although the proliferation was comparatively reduced in the presence of FA. These results
suggested that FA enhanced the proliferation and development of intestinal stem cell.

Antioxidants 2022, 11, x FOR PEER REVIEW 13 of 19 
 

one-way ANOVA to determine the significances of group differences expressed as *: p < 0.05 and 

indicated by different letters. The significances of the effects of FA compared to control group 

were analyzed using the Student’s t-test +: p < 0.05; ++: p < 0.01. S: standard chow diet; SF: standard 

chow diet supplemented with 50 mg/mL FA; HF: high-fat diet; HFF: high-fat diet supplemented 

with 50 mg/mL FA. 

3.6. FA Increased Proliferation of the Mouse Small Intestine Organoids 

Since FA was found to have anti-oxidative and anti-inflammatory effects and to pro-

tect the tight junctions of human intestinal epithelial cells, we used mouse intestinal or-

ganoids to investigate whether FA affects the normal development of intestinal stem cells. 

Small intestines were harvested, intestinal organoids were isolated and cultured in 3D 

Matrigel for a week in the absence or presence of FA to observe the proliferation of organ-

oids. Cholera toxin, a representative of natural bacterial toxins that infect the intestine, 

was used as a positive control to examine whether the intestinal organoid system facili-

tated the absorption of FA into Matrigel properly. If the toxins functioned, organoids 

would die and turn black, and if they grew, they would show protruding blobs (black 

arrow). Organoids in our system showed a dose-dependent increase in protruding blobs 

with larger clumps in the presence of FA, suggesting that FA induces cell proliferation 

(Figure 6). However, treatment with 3 nM cholera toxin for 4 h incubation killed the or-

ganoids even in the presence of FA. In contrast, organoids did not proliferate in the pres-

ence of Tg when FA was absent. Organoids surprisingly proliferated when treated with 

FA in the presence of Tg, although the proliferation was comparatively reduced in the 

presence of FA. These results suggested that FA enhanced the proliferation and develop-

ment of intestinal stem cell. 

 

Figure 6. FA enhanced organoid proliferation of mouse small intestines. Small intestines were
harvested, and organoids were isolated. Organoids were embedded into 3D Matrigel and cultured in
the presence of FA for 1 week with or without 3 uM Tg or 3 nM cholera toxin. Pictures were taken after
treatment with 40×magnification. Arrow shows the new proliferated organoid. Tg: Thapsigargin;
FA: Ferulic acid.
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4. Discussion

Polyphenols are non-enzymatic antioxidants that provide cellular protection by neu-
tralizing free radicals. FA is a phenolic acid abundant in plant cell walls, particularly those
of vegetables and fruits; it has anti-oxidative and anti-inflammatory activities and protects
by scavenging free radicals and other consequences of cell stress [1]. FA and their derivates
have been identified in blood circulation and they are considered as the potential bioactive
metabolites against inflammation [43].

The imbalance between the production of ROS and their elimination by antioxidant
systems in the body is referred to as oxidative stress, and it can cause chronic inflammation.
In many human pathological processes, persistent inflammatory states are prevalent. As
pro-inflammatory mediators, cytokines promote a cell-mediated immune response and
damage the intestinal epithelium. Moreover, intestinal inflammation results in the devel-
opment of colitis if this stimulation persists [44,45]. Ulcerative Colitis (UC) and Crohn’s
disease are forms of IBD, and the incidence of IBD in Asia has increased rapidly since
the 1980s [46] and has been linked to environmental and dietary variables. Although
the etiology and pathogenesis of IBD are uncertain, an imbalance in pro-inflammatory
cytokines appears to play a role [47].

Recent research has connected a variety of UPR regulators to the inflammation and
the etiology of IBD. Protein unfolding or misfolding in the ER of intestinal epithelial
cells has been hypothesized to contribute directly to IBD, and IBD patients with active
disease typically exhibit elevated levels of ER stress markers in the ileac and/or colonic
epithelium [48,49]. Moreover, even unaffected tissues of IBD patients had higher ER
and oxidative stress levels. Human genetic research has linked the UPR gene XBP1 to
IBD, and XBP1 conditional knockout mice exhibited goblet cell deficit, mucin secretion
failure, spontaneous inflammation in the small intestine, and impaired host defense against
enterobacterial infection [37]. In addition, loss of XBP1 alleles increased JNK and NF-B
pathways as well as the synthesis of inflammatory mediators in mucosa via significant
activation of IRE1 in ileac epithelium. Therefore, in this study, we investigated the function
of FA on gut health.

Previous studies have demonstrated that pretreatment with FA reduces NO accu-
mulation in the culture medium of LPS-induced macrophage cells and has an inhibitory
effect on the mRNA levels of various inflammatory mediators (e.g., IL6, TNFα, and iNOS)
by inhibiting nuclear factor kappa B (NF-κB) activation and the Toll-like receptor (TLR)
4 pathway [50–52]. Furthermore, a clinical study revealed that FA administration amelio-
rated inflammation, concomitantly reduced plasma TNFα and IL6, and increased IL10
levels in human subjects [53,54]. Another study suggested that FA activated SIRT1 to protect
the heart from the adverse effects of ER stress via reduction of PERK/eIF2α/ATF4/CHOP
pathway [55].

In mice with a defective MUC2 gene, accumulating MUC2 precursor in the ER of
goblet cells inhibited mucin production and damaged mucus layers. Mutant MUC2 mice
also exhibited activation of innate and adaptive immunity mediated by the Th17 response in
the colon, which is reminiscent of human UC [56]. Furthermore, the presence of misfolded
MUC2 precursors in the ER of certain UC patients’ colonic goblet cells implies that protein
folding defects are physiologically important to goblet cell pathology in the pathogenesis
of UC. In MUC or IL10 mutant animals, IL10 (an anti-inflammatory cytokine essential for
intestinal homeostasis) was also reported to reduce ER stress and promote mucin secretion
by goblet cells [57,58]. Our mechanistic study confirmed that FA reduces NO production
generated by cytokine stimulation, consistent with its antioxidant and anti-inflammatory
effects on the intestinal epithelium in vitro and in vivo via XBP1-independent IRE1α and
PERK pathways. In addition, interestingly enhancement of MUC2 was induced by FA
in vivo. This implies that FA might be a supplementary tool for IBD treatment.

The intestinal tract is lined with epithelial monolayer acting as a selective barrier
for nutrients, electrolytes, and water while preventing the entry of intestinal pathogens,
antigens, and toxins from the luminal environment to blood circulation and mesenteric
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lymph [59]. Therefore, tight junctions (TJs) of intestinal epithelial cells, composed of the
transmembrane protein occludin and the cytoplasmic protein zonula occludens-1 (ZO-1) are
key proteins that maintain TJs structure and intestinal epithelial barrier function, therefore
important on paracellular permeability [60,61]. Dysfunction of intestinal epithelial barrier
leads to increased permeability of intestinal mucosa, subsequent translocation of intestinal
pathogenic bacteria or toxins, which in turn aggravates the damage of intestinal barrier
integrity, resulting in local intestinal or systemic disease such as IBD and sepsis [62].
Therefore, maintenance of the intestinal epithelial barrier is very important in the clinical
treatment of various acute and chronic diseases.

Our conclusive findings indicate that FA protects the intestinal epithelial barrier
against cellular stress and inflammation under both normal and stressful conditions. It has
been reported that FA reduced the inflammation and alleviated intestinal barrier damage
via upregulating TJ proteins in intestinal epithelial cells of rats and piglets [63,64]. One
study showed the protective effect of FA on intestinal epithelial barrier in a lipopolysac-
charide (LPS)-induced Caco-2 cells by increasing TJ proteins via PTEN/PI3K/AKT sig-
naling pathway [65,66]. Another study used intestinal epithelial (IEC-6) cells and male
Sprague–Dawley rats showed FA significantly attenuated the decrease in occludin, ZO-1
and E-cadherin expression by heat stress [67].

A very intriguing finding in our study is that in the presence of mild inflammation,
IFNγ was increased significantly by FA on the small intestine in vivo. Potential mechanisms
would be increasing histone deacetylase activity, regulating transcription factors, and
activating TLR-7 pathway and it needs to be further investigated [68,69].

Due to the low absorption of polyphenol and phenolic metabolites, the biological
activity of polyphenol seems to be important with gut microbiota. It is well-known that gut
microbiota-derived metabolic substances like short-chain fatty acids (SCFA) can promote
gut immunity [70], whereas gut microbiota disturbance can induce intestinal inflammation
and barrier damage [71]. In a human study, FA intake was shown to enhance the number
of Bacteroidetes and decrease the population of Firmicutes in the microbiome analysis [72].
In vivo studies have also shown that FA can mitigate intestinal inflammation, promote
the growth of Bacteroides, and induce the production of SCFAs by modulating the gut
microbiota in mouse and diabetic syndrome rat model [73,74]. Feruloyl Oligosaccharides
(FOs), the ferulic acid ester of oligosaccharides, has been reported to strengthen the an-
tioxidative capacity of the jejunum and alter the structure and composition of the cecal
microbiota in rats by increasing the relative abundances of Actinobacteria, Proteobacteria
while decreasing the abundance of Firmicutes. [75]. In the future, it would be interesting to
follow the gut microbiome-modulating effect of FA on gut health.

Although zebrafish embryos are increasingly used for developmental toxicity screen-
ing of candidate drugs for their advantage, and that is the reason we used zebrafish model
for in vivo toxicity of FA, keep in mind that false negative and positive results were reported
even from the same compound between laboratories [76–78]. The reasons are thought to be
due to the large diversity in protocols and species difference, indicating a clear need for
harmonization of the zebrafish assays in the future.

In addition, FA has been shown to enhance the differentiations of various stem cells
(e.g., neuronal and skeletal stem cells) by activating the p38/mitogen-activated protein
kinase (MAPK) and extracellular signal-regulated kinase (ERK)/MAPK pathways, and for
this reason, some have used FA in stem cell therapies [22,79,80]. In HFD-induced obese
mice, FA has also been shown to retain the self-renewal capacity of embryo stem cells
and adipose-derived mesenchymal stem cells [81,82]. Surprisingly, it is a notable finding
that in our system FA also boosted the proliferation of adult intestinal stem cells, which
is important for the 3–4-day intestinal epithelial regeneration that occurs in the human
body. Therefore, in the present study, we examined the protective effect of FA against
inflammatory responses in human intestinal epithelial cells. Furthermore, our results show
that FA ameliorated proinflammatory response induced by proinflammatory cytokines,
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implying that FA might improve gut health and protects against external and endogenous
inflammation as a result.

5. Conclusions

Our data demonstrate that FA promotes the survival and differentiation of adult small
intestinal stem cells, prevents inflammation, and contributes to the maintenance of gut
health, hence supporting its therapeutic potential. Moreover, the study shows FA protects
the intestinal barrier. Therefore, we propose that FA be considered as a potential preventive
or alleviating component in the diet of IBD patients.
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