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Abstract: HT074, a multiherbal mixture containing extracts from Inula britannica flowers and Paeonia
lactiflora roots, is used in Korean medicine for gastric disorders. This study investigated the protective
mechanisms of HT074 against acute reflux esophagitis (RE) in rats. Nitric oxide (NO) production and
mRNA expression of antioxidant-related genes (Nrf2, HO-1, SOD, CAT, and GPx2) were evaluated
in LPS-induced RAW 264.7 cells. Gastroesophageal reflux (GER) was induced in rats, followed
by HT074 (100, 300 mg/kg) or ranitidine (50 mg/kg) administration. Esophageal damage and
histological changes were assessed. Gastric pH and protein expression levels of Nrf2, HO-1, SOD,
CAT, and GPx-1/2 were measured. HT074 pretreatment reduced NO production and increased the
expression of HO-1, CAT, and GPx2 in LPS-induced RAW 264.7 cells. In GER-induced rats, HT074
significantly decreased esophageal lesions and increased the expression of HO-1, SOD, GPx-1/2,
and Nrf2. HT074 did not affect gastric pH. These findings suggest that HT074 protects against
GER-induced esophagitis by inhibiting NO production and enhancing antioxidant activity. Therefore,
HT074 could be a promising therapeutic agent for GER disease.

Keywords: antioxidative activity; gastroesophageal reflux disease; HT074; Inula britannica; Paeonia
lactiflora

1. Introduction

Gastroesophageal reflux disease (GERD) is a disorder characterized by bothersome
symptoms and complications resulting from the regurgitation of stomach contents [1]. The
prevalence of GERD is on the rise worldwide, with estimated rates ranging from 18.1 to
27.8% in North America, 8.8 to 25.9% in Europe, and 2.5 to 4.8% in Eastern Asia [2]. While
GERD is more commonly observed in Western countries, recent epidemiological studies
indicate a growing incidence in Asian countries [3]. This upward trend in GERD prevalence
is attributed to lifestyle and behavioral changes, including smoking, dietary patterns, and
obesity [4].

The multifaceted origins of abnormal gastric reflux involve the presence of weakened
antireflux barriers at the gastroesophageal junction, leading to injury and inflammation
of the esophageal mucosa. This damage results from an imbalance between aggressive
factors, such as refluxed gastric juice, and defensive factors, including esophageal clear-
ance, mucosal resistance, and endogenous antioxidant defense systems [5–8]. Therefore,
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the development of new products focuses on inhibiting aggressive factors or enhancing
defensive factors.

Conventional treatments for GERD primarily rely on acid inhibitors, specifically
proton pump inhibitors (PPIs) and type 2 histamine receptor antagonists (H2 blockers),
which aim to reduce gastric acidity [9]. However, their effectiveness in rapidly alleviating
GERD symptoms is marred by observations of relapses, incomplete mucosal healing, and
complications associated with long-term use. Recent studies have indicated a potential
association between long-term acid inhibitor use and the development of mucosal de-
generation, polyps, and osteoporosis [10,11]. Ranitidine was once the most prescribed
medication on the market due to its excellent effect on acid secretion reduction and its
relatively long duration of action. However, it was withdrawn from the market because it
was found to contain high levels of N-nitrosodimethylamine, which can cause cancer [12].
These underline the need for alternative treatment approaches, such as relatively safe plant
extracts, that provide long-term relief while minimizing potential adverse effects.

Despite the favorable outcomes of existing therapies and their relative risk–benefit
balance, there persists a continuous pursuit for the development of novel treatments
offering both effectiveness and safety. Ongoing research explores alternative approaches
to enhance patient outcomes while minimizing potential risks. Gastric acid stimulates the
epithelial cells of the esophagus, which leads to the generation of reactive oxygen species
(ROS) and induces oxidative stress [13]. The inflammatory process mediated by oxygen-
derived free radicals causes damage to the esophageal mucosa. Therefore, therapeutic
agents that scavenge reactive oxygen species (ROS) can serve as novel approaches for the
treatment of GERD [14,15].

Natural products obtained from plants and agro-industrial waste have gained impor-
tance for their multiple effects in the health area, such as antioxidant and anti-inflammatory
effects [16]. Such natural products have also been applied for GERD treatment. Beeswax
alcohols (D-002) and chlorogenic acid (CGA) have been shown to suppress gastric mu-
cosal injury by exerting antioxidant and anti-inflammatory effects [17–19]. These products
have been effective in reducing esophageal lesions and oxidative stress markers in acute
esophagitis models [20,21]. Additionally, Artemisia asiatica extract (DA-9601), prescribed
for gastritis patients in Asia, exhibits antioxidant and cytoprotective effects in experimental
animal models of mucosal damage, such as ethanol-triggered gastritis [22] and esophageal
mucosal damage [23,24].

HT074 is a combination of two widely consumed herbal ingredients: Paeonia lactiflora
Pall. Roots and Inula britannica L. flowers. These herbs have a history of use in herbal
medicine and food preparations [25,26]. The formulation of HT074 was developed with
the intention of harnessing the protective properties of these herbs against gastric mucosal
damage. Previous studies have shown that when orally administered, HT074 can mitigate
gastric mucosal injury induced by various factors, such as HCl/EtOH, indomethacin, and
water immersion-restraint stress. This effect is attributed to the ability of HT074 to enhance
gastric wall mucus production and inhibit the formation of oxygen free radicals [27]. I.
britannica L., one of the herbal components of HT074, is known to contain sesquiterpene
lactones and flavonoids. This herb has been extensively studied for its various biological
activities, including its antioxidant, anti-inflammatory, antitumor, and hepatoprotective
properties [28,29]. The bioactive compounds present in I. britannica contribute to its pharma-
cological efficacy and make it a valuable component of HT074. Pretreatment of I. britannica
extract administered to rats with HCl/EtOH-induced gastritis increased the amount of
adherent mucus and enhanced antioxidant activity [30]. P. lactiflora Pall., the other herbal
component of HT074, contains bioactive compounds such as phenolic compounds and
glycosides, including paeoniflorin and paeonol. These compounds are known to con-
tribute to the beneficial effects exhibited by P. lactiflora, which include hepatoprotective,
anti-inflammatory, antioxidant, and antitumor properties [31]. The roots of P. lactiflora and
its main active compound, paeoniflorin, have demonstrated protective effects on the gastric
mucosa against HCl/EtOH-induced gastric ulcers in mice [32,33] (Table 1). Based on previ-
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ous findings regarding the protective effects of both I. britannica and P. lactiflora on gastric
mucosa, it was hypothesized that HT074, which contains these two herbal components,
may also have a protective effect on the gastroesophageal mucosa.

Table 1. Summary of previous research on the gastroprotective effects of P. lactiflora and I. britannica.

Research
Objective/Test

Model

Type of Study/
Species Samples Dose/Administration Results/Mechanisms Reference

Radical
scavenging

effects
/DPPH, ABTS

In vitro HT074
0–1000 µg/mL (DPPH)

20–20,000 µg/mL
(ABTS)

DPPH, ABTS radial↓ Kim et al. (2018)
[34]

PGE2 levels In vitro/
AGS cell HT074 50, 100, 200 µg/mL PGE2 levels↑

Kim et al.
(2019)
[27]

Gastroprotection
against

HCl/EtOH

In vivo
SD rats HT074 30, 100, 300 mg/kg

oral

Gastric lesions (100,
300 mg/kg)↓

Gastric wall mucus↑
mediated by

endogenous sulfhydryl
compounds

Kim et al.
(2019)
[27]

Gastroprotection
against

HCl/EtOH

In vivo
SD rats HT074 100, 300 mg/kg

oral

Gastric lesions↓
Gastric SOD, GSH, CAT

levels ↑
MUC5AC mRNA

expression↑
Gastric wall mucus↑

Kim et al.
(2018)
[34]

Gastroprotection
against

HCl/EtOH

In vivo
SD rats

Inulae Flos
extract 100, 300 mg/kg, oral

Gastric lesions↓
SOD, GSH, CAT

activities↑
MDA levels↓

PGE2 concentrations↑

Kim et al. (2020)
[30]

Gastroprotection
against

HCl/EtOH

In vivo
ICR mice

P. lactiflora
extract 10, 100 mg/kg, oral Gastric lesions↓

NO production↓
Bae et al. (2015)

[32]

Gastroprotection
against water

immersion
restraint stress

In vivo/
SD rats HT074 30, 100, 300 mg/kg Gastric lesions

(300 mg/kg)↓

Kim et al.
(2019)
[27]

Gastroprotection
against

indomethacin

In vivo/
SD rats HT074 30, 100, 300 mg/kg Gastric lesions

(300 mg/kg)↓

Kim et al.
(2019)
[27]

Gastric secretion
/Pylorus-
ligation

In vivo/
SD rats HT074 100, 300 mg/kg

Gastric volume↓
Acidity↓

Total acidity↓

Kim et al.
(2019)
[27]

Note: ↑: Increased, ↓: Decreased.

The objective of this experiment was to determine the esophageal mucosal protective
effect of HT074 and its possible mechanisms in gastroesophageal reflux (GER)-induced
rats. In this study, we observed esophageal mucosal lesions and histological changes. To
investigate the underlying mechanisms, we measured gastric pH as well as the levels of
Nuclear factor erythroid 2-related factor 2 (Nrf2), Hemo oxygenase-1 (HO-1), glutathione
peroxidase (GPx), and Superoxide dismutase (SOD) in GER-induced rats.
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2. Materials and Methods
2.1. Reagents

Penicillin/streptomycin and fetal bovine serum (FBS) were obtained from Gibco
(Waltham, MA, USA). Dulbecco’s modified Eagle medium (DMEM) was obtained from
WELGENE (Gyeongsan, Republic of Korea). Lipopolysaccharide (LPS) and Bradford
reagent (B6916) were obtained from Merck (Darmstadt, Germany). 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyltetrazolium Bromide (MTT) and ranitidine were purchased from
TCI Chemicals (Japan). RNAiso Plus, PrimeScriptTM RT Master Mix, and TB Green®

FAST qPCR Mix were purchased from Takara Bio (Shiga, Japan). DEPC was purchased
from BYLABS (Hanam, Republic of Korea). Laemmli’s sodium dodecyl sulfate (SDS)-
Sample buffer and ECL reagent were purchased from GenDEPOT (Katy, USA). Nrf2 (1:100,
sc-365949), GPx-1/2 (1:100, sc-133160), catalase (Cat) (1:1000, sc-271803), HO-1 (1:500, sc-
390991), SOD (1:1000, sc-101523), and β-actin (1:1000, sc-47778) antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). Secondary antibodies (1:2000) were
purchased from Bioss Inc. (Woburn, MA, USA). Black silk (4-0) was purchased from Ailee
(Busan, Republic of Korea). Isoflurane was purchased from Hana Pharm (Seoul, Republic
of Korea). With external standards for HPLC quantitative analysis showing a purity of
over 97.0%, paeoniflorin was purchased from Tokyo Chemical Industry (Tokyo, Japan),
and 1-O-acetylbritannilactone was purchased from NatureStandard (Shanghai, China),
respectively. HPLC-grade acetonitrile and methyl alcohol were acquired from Honeywell
International (Charlotte, NC, USA), and HPLC-grade phosphoric acid was purchased from
DUKSAN Science (Seoul, Republic of Korea).

2.2. Sample Preparation

Paeonia extract mixture HT074 was provided by Neumed Inc. The preparation method
for the extract mixture followed the same procedure as the previous method, summarized
as follows [27]:

Dried roots of P. lactiflora and dried flowers of I. britannica were bought from Sinochem
Pharmaceutical Co., Ltd. (Nanjing, China). The Prof. Hocheol Kim Department of Herbal
Pharmacology, College of Korean Medicine, Kyung Hee University, authenticated the plant
materials. The following procedure was followed to make the HT074 extract mixture: The
dried plants were individually extracted for 3 h at 100 ◦C with distilled water. To facilitate
filtration, amylase was added to the P. lactiflora extract. It was later inactivated. The extracts
were percolated, concentrated, and spray-dried with dextrin (20% for P. lactiflora and 10%
for I. britannica). Powdered extracts of I. britannica and P. lactiflora were combined at a ratio
of 53:47.

2.3. High-Performance Liquid Chromatography (HPLC) Analysis

The levels of two marker compounds, 1-O-acetylbritannilactone and paeoniflorin, were
quantified by HPLC. The analysis was performed on the Agilent 1260 HPLC system (Agilent
Technologies, Palo Alto, CA, USA) equipped with a G7129A autosampler using a Sunfire™
C18-column (5 µm; 250 × 4.6 mm; Waters, Milford, MA, USA), a G7155A diode array
detector (DAD), and a G7111A quaternary pump. The mobile phase, which was introduced
at a flow rate of 1.0 mL/min, was composed of 0.5% phosphoric acid (A) and acetonitrile
(B). The gradient elution for detection was carried out with the following parameters:
0–15–40–45–50–55 min, 20–20–70–70–20–20% solvent B. The detection wavelengths for
1-O-acetylbritannilactone and paeoniflorin were 210 nm and 235 nm, respectively.

2.4. Cell Culture

RAW264.7 murine macrophages were maintained in a humidified atmosphere with
5% CO2 at 37 ◦C. The cell culture growth medium comprised DMEM (Dulbecco’s Modified
Eagle Medium) obtained from WELGENE (Republic of Korea), streptomycin (100 µg/mL)
from Gibco (Waltham, MA, USA), supplemented with 1% penicillin (100 units/mL), and



Antioxidants 2024, 13, 891 5 of 17

10% FBS (fetal bovine serum) from Gibco (Waltham, MA, USA). The LPS utilized in the
experiments was purchased from Sigma (St. Louis, MO, USA).

2.5. Cell Viability Assay

To perform the cell viability assessment, RAW264.7 cells were seeded in a 96-well
plate at a concentration of 2 × 104 cells per well and incubated at 37 ◦C for 24 h. After
24 h of incubation at 37 ◦C, the RAW264.7 cells were subjected to pretreatment with
HT074 at various concentrations (10, 50, 125, and 250 µg/mL) for 1 h. Following this,
the cells were exposed to LPS at a concentration of 100 ng/mL and incubated for 24 h.
The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) stock solution
(5 mg/mL) was prepared by dissolving 5 mg MTT in 1 mL of 1 X × phosphate-buffered
saline (PBS), and then filtered using a 0.2 µm filter. After the incubation period, the medium
in each well was carefully removed. Next, 100 µL of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) solution with a concentration of 0.5 mg/mL was added to
each well, and the plate was incubated under the same conditions for 3 h. Subsequently,
the MTT solution was discarded, and 100 µL of dimethyl sulfoxide (DMSO) was added
to dissolve the formazan crystals that formed in viable cells. The plate was gently mixed
to ensure complete dissolution. The absorbance of the formazan solution was measured
at 570 nm using a microplate spectrophotometer, such as the SpectraMax® ABS Plus from
Molecular Devices, San Jose, CA, USA. The optical density measurements of the formazan
crystals in the control group, which served as a representation of 100% cell viability, were
utilized as a baseline reference. The MTT assay was conducted in triplicate for each
concentration of HT074. MTT powder was acquired from TCI (Japan).

Cell viability (%) = Sample OD/Control OD × 100

2.6. Determination of Nitric Oxide (NO) Production

RAW264.7 cells were plated at a density of 2 × 104 cells per well in a 96-well plate and
incubated at 37 ◦C for 24 h. The cells were then pretreated with HT074 at concentrations of
10, 50, 125, and 250 µg/mL for 1 h, followed by stimulation with LPS at a concentration of
100 ng/mL for 24 h. After the incubation period, the culture medium was collected, and an
equivalent volume of the Griess reagent (Sigma, St. Louis, MO, USA) was added to 100 µL
of the culture supernatant. The mixture was incubated for a specific period to allow for
the reaction between nitric oxide and the Griess reagent. Subsequently, the absorbance of
the mixture was measured at 540 nm using a microplate spectrophotometer (SpectraMax®

ABS plus, Molecular Devices, CA, USA). The absorption coefficient was calibrated using a
sodium nitrite standard solution.

2.7. RNA Extraction and Real Time PCR Analyses

RAW264.7 cells (at a density of 4 × 105 cells per well in a 6-well plate) were pretreated
with HT074 (at concentrations of 10, 50, 125, and 250 µg/mL) for 1 h, followed by stimula-
tion with LPS (at a concentration of 100 ng/mL) for 24 h. After washing the cells with cold
PBS, they were treated with 300 µL of RNAiso Plus (Takara, Japan).

Total RNA was extracted using RNAiso Plus (Takara, Japan) following the manu-
facturer’s instructions. The purified total RNA was dissolved in DEPC-treated solution
(BYLABS, Hanam, Republic of Korea), and the concentration was determined using a
SpectraMax® ABS plus. For reverse transcription, 500 ng quantities of total RNA were used
as templates with the PrimeScriptTM RT Master Mix (Takara Bio, Kusatsu, Japan).

qPCR was performed using 50 ng of total RNA. The expression of each gene was quan-
tified using the TB Green® FAST qPCR Mix (Takara, Japan) according to the manufacturer’s
instructions. The PCR primer sequences can be found in Table 2.
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Table 2. Sequences of the primers.

Genes Forward Primer (5′–3′) Reverse Primer (5′–3′)

GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA
SOD TTCTGGACAAACCTGAGCCCTAA GAACCTTGGACTCCCACAGACAC
HO-1 ATTTGTCCGAGGCCTTGAA CCAGGGCCGTATAGATATGGTA
CAT CAGATGTGAAGCGCTTCAACAG GTTGGCAATGTTCTCACACAGG
GPx2 TGCCCTACCCTTATGACGAC TCGATGTTGATGGTCTGGAA
Nrf2 ATTGCCACCGCCAGGACTAC CCAAGATCTATGTCTTGCCTCCA

The qPCR calculation used the 2−∆∆Ct method. First, ∆Ct was calculated as the
difference in the threshold cycle between the target and reference genes. Then, ∆∆Ct was
calculated as the difference in ∆Ct between the target and control samples. The result is
expressed as a fold change.

∆Ct = Cttarget gene − Ctre f erence gene (1)

∆∆Ct = ∆Ctsample − ∆Ctcontrol (2)

Fold Change = 2−∆∆Ct (3)

2.8. Animal Management

Male Sprague-Dawley rats, at the age of seven weeks and weighing 180–200 g, were
obtained from DBL (Eumseong, Republic of Korea). The animal experiments were con-
ducted under standard laboratory conditions with a temperature of 23 ± 3 ◦C, a humidity
of 55 ± 5%, and a 12 h light/dark cycle for seven days prior to the experiments. The rats
were provided with ad libitum access to food and water. During the housing period, the
animals’ health status, including food intake, behavior changes, and body weight, was
monitored once daily. No adverse events were observed. All experimental procedures were
approved by the Woosuk University Institutional Animal Care and Use Committee (Ethic
no. WS2022-6).

2.9. RE Surgery Rat Models and Treatment

The rats were administered distilled water via oral gavage 1.5 h prior to surgery. A
fasting period of 18 h was observed before conducting the experiments, during which the
rats had ad libitum access to water. Following an adaptation period, 32 rats were randomly
allocated into four groups, each consisting of 8 rats (n = 8). Group 1 served as the control
group for esophageal inflammation and injury. In Group 2, the rats were pretreated with
ranitidine (50 mg/kg) obtained from TCI (Japan), which served as the positive control.
In Groups 3 and 4, the rats were pretreated with HT074 at doses of 100 and 300 mg/kg,
respectively, for the HT074 treatment groups. All drug treatments were administered 1.5 h
prior to the surgery. The rats were anesthetized with respiratory anesthesia for esophageal
inflammation. During anesthesia, a median incision of approximately 2 cm was made
to access the abdominal region of the rats. The fundus and pylorus were ligated using
black silk (4-0) from Ailee (Republic of Korea) to induce RE, taking care not to damage
the vagus nerve during ligation. The incision was promptly sutured, and the animals
were kept in a postoperative recovery area before being transferred back to their cages.
All rats were euthanized 4.5 h after the surgical procedure. Isoflurane gas (Ifran, Hana
Pharm, Seoul, Republic of Korea) was used for anesthesia via a small animal sedation
system (JD-C-107A, Jeung Do B&P, Seoul, Republic of Korea), and esophageal tissues were
removed for analysis.
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2.10. Determination of Gastric Acid pH

After euthanizing, the gastric cavity of each rat was rinsed with 1 mL of PBS at pH
7.4 using a 1000 µL micropipette. Subsequently, the pH of the collected gastric fluid was
measured using a pH meter (Orion 420A, Thermo Fisher, Waltham, MA, USA).

2.11. Esophageal Mucosal Lesion Ratio

After euthanasia, each rat’s esophagus was longitudinally incised to expose the dam-
aged tissue. The inner mucous layer was subsequently rinsed with PBS, and the remaining
tissue was carefully spread out and placed on paper. Images of the tissue were captured
using a D300s camera (Nikon, Tokyo, Japan) for further analysis. The acquired images were
processed using Image J software (version 1.53K, NIH, Bethesda, MD, USA) to calculate
the ratio of tissue lesion. To determine the gross mucosal lesion ratio, the width of the area
with esophageal mucosal lesion (measured in mm2) was divided by the width of the total
esophageal area (measured in mm2). The resulting value was then multiplied by 100 to
express the gross mucosal lesion ratio as a percentage.

2.12. Esophageal Histological Analysis

For histological analysis, the middle segment of the opened esophagus was isolated
and subsequently fixed in 4% paraformaldehyde. After fixation, the esophageal speci-
mens were embedded in paraffin and sliced into sections measuring 5 µm in thickness.
Hematoxylin and eosin (H&E) staining was performed on the sections. The stained slides
were mounted using mounting media. Subsequently, the slides were examined under an
optical microscope (Eclipse 80i, Nikon, Tokyo, Japan), and digital images were captured for
further analysis.

2.13. Western Blot

Tissues stored at −80 ◦C were immersed in liquid nitrogen and then placed in ice-cold
microfuge tubes. Using scissors, the tissues were cut into small pieces. Tissue samples
were lysed in 300 µL of RIPA buffer (Biosesang, Yongin, Republic of Korea) containing
protease inhibitor (GenDEPOT, Katy, TX, USA). The lysates were centrifuged at 4 ◦C and
13,000 rpm for 15 min, and the resulting supernatant was collected and stored at −80 ◦C
until further analysis.

The protein concentrations were determined with the Bradford assay. After quan-
tification of the protein concentration of each sample, 30 µg of proteins were mixed with
Laemmli’s SDS-Sample buffer (GenDEPOT, Katy, TX, USA) at a 4:1 ratio and then sub-
jected to heat at 95 ◦C for 5 min. The proteins were separated by 12% SDS-polyacrylamide
gel electrophoresis (PAGE). Following electrophoresis, the proteins were transferred onto
polyvinylidene difluoride membranes (PVDF, Thermo Fisher, Waltham, MA, USA). Non-
specific binding was blocked by incubating the membranes with 5% non-fat dry milk in
TBST buffer (Tris-buffered saline and 0.05% Tween 20) for 2 h at room temperature. The
membranes were then incubated overnight at 4 ◦C with primary antibodies purchased
from Santa Cruz: Nrf2 (1:100, sc-365949), GPx-1/2 (1:100, sc-133160), catalase (1:1000, sc-
271803), HO-1 (1:500, sc-390991), SOD (1:1000, sc-101523), and β-actin (1:1000, sc-47778).
Subsequently, the membranes were washed four times with TBST buffer for 10 min at room
temperature and incubated with horseradish peroxidase-conjugated secondary antibodies
(1:2000; Bioss Inc., Woburn, MA, USA) for 2 h at room temperature. After an additional four
washes with TBST buffer for 10 min at room temperature, the protein bands were visualized
using ECL reagent (GenDEPOT, Katy, TX, USA) according to the manufacturer’s instruc-
tions and captured using a Chemiluminescence imaging system (CAS-400SM, Davinch-K,
Seoul, Republic of Korea). The relative optical densities of the protein bands were analyzed
using ImageJ.



Antioxidants 2024, 13, 891 8 of 17

2.14. Statistical Analysis

Statistical analyses were performed using Prism 8 (GraphPad Software, Inc., La Jolla,
CA, USA). Data were analyzed using one-way Analysis of variance (ANOVA) with Dun-
nett’s multiple comparison test when the normality of distribution (the Kolmogorov–
Smirnov normality test) and homogeneity of variances (Bartlett’s) were confirmed. If the
data were not normally distributed, we analyzed the data for statistical difference using
the Kruskal–Wallis test with Dunn’s post hoc test. If there were heterogeneous variances in
the data, the data were analyzed using Brown–Forsythe–Welch ANOVA with Dunnett’s T3
multiple comparison test. All data are presented as the mean ± standard deviation (SD).
A p value < 0.05 was considered to indicate statistical significance throughout the study.
The significance level is represented with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001; ns, non-significant).

3. Results
3.1. HPLC Analysis of HT074

The HPLC chromatogram of HT074 is presented in Figure 1. The concentrations of
1-O-acetylbritannilactone and paeoniflorin were 2.38 mg/g and 23.78 mg/g, respectively,
in Lot no. 220801503.

 

2 

(a) 

 
(b) 

  

Figure 1. High-performance liquid chromatograms of HT074 extract at (a) 210 nm, (b) 235 nm.
Arrows in (a,b) show the peaks of 1-O-acetylbritannilactone and paeoniflorin.
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3.2. Effect of HT074 on Cell Viability in RAW264.7 Macrophages

To assess the effect of HT074 on cell viability in RAW264.7 cells, different concentra-
tions (10, 50, 125, and 250 µg/mL) of HT074 were administered, followed by the MTT assay.
The results showed that cell viability was not impacted by any of the tested concentrations
of HT074 after 24 h of treatment (Figure 2A). Additionally, treatment with 100 ng/mL
of LPS for 24 h did not affect the viability of RAW264.7 cells (Figure 2B). Based on these
findings, we proceeded with experiments using various concentrations of HT074.
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Figure 2. Effect of HT074 on the viability of LPS-treated and untreated RAW264.7 cells. (A,B) MTT
assay was performed to evaluate the viability of RAW264.7 cells following treatment with or without
100 ng/mL LPS or 10–250 µg/mL HT074 for 24 h. Cell viability was determined using the MTT assay
(n = 3).

3.3. HT074 Attenuated LPS-Induced NO Production and Induced Antioxidant Gene Expression in
RAW264.7 Macrophage Cells

We quantified LPS-triggered NO production in RAW264.7 cells using the Griess
assay. We investigated the inhibitory effect of HT074 on LPS-triggered NO production
by pretreating cells with HT074. Pretreated cells with HT074 exhibited a concentration-
dependent attenuation of LPS-triggered NO production (Figure 3A). Furthermore, we
examined the impact of HT074 on antioxidant gene expression in RAW264.7 cells. Treatment
with HT074 significantly increased the expression levels of HO-1, CAT, and GPx2 mRNA
compared to LPS-treated RAW264.7 cells in a dose-dependent manner (Figure 3B,C,E,F).
However, Nrf2 and SOD mRNA expression levels did not significantly increase in the
HT074-treated group compared to the LPS-treated group. Nevertheless, these expression
levels exhibited a dose-dependent increase following HT074 treatment (Figure 3C,D).
These findings indicate that HT074 inhibits LPS-induced NO production by increasing the
expression of antioxidant-related enzymes in vitro.

3.4. Effects of HT074 on Esophageal Mucosal Lesion Ratio and pH of Gastric Contents Induced by
Reflux Esophagitis (RE)

To investigate the effectiveness of HT074 against RE, we surgically induced gastroe-
sophageal reflux in rats. As shown in Figure 4A, the HT074-treated group exhibited a
significant decrease in the esophageal mucosal lesion ratio compared to the RE control
group. Notably, at concentrations of 100 and 300 mg/kg, the mucosal lesion ratios were
comparable to those of the positive control group (ranitidine 50 mg/kg). In Figure 4B,
wide dark red and long hemorrhagic lesions can be observed in the esophagus of the RE
control group. However, the HT074-treated group demonstrated a significant reduction
in esophageal hemorrhagic lesions compared to the control group. Particularly, at con-
centrations of HT074 100 and 300 mg/kg, the extent of the rat esophageal mucosal lesion
was superior to that of the positive control group (ranitidine 50 mg/kg). HT074 had no
effect on pH, whereas the ranitidine treatment group significantly increased gastric acid
pH compared to the RE control group (Figure 4C).
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Figure 3. The effect of HT074 on NO synthesis and the expression of antioxidant markers in RAW
264.7 macrophages stimulated by LPS. RAW 264.7 cells were treated with HT074 at the designated
concentrations (0, 10, 50, 125, and 250 µg/mL) with LPS (100 ng/mL) for 24 h. (A) The quantity of NO
in the cell clarified solution was treated with Griess reagent to measure the amount of NO production.
(B–F) The mRNA expression levels of antioxidant marker genes were measured by real-time PCR.
The significance was determined by one-way ANOVA with Dunnett’s multiple comparison test.
## p < 0.01, ### p < 0.001 vs. control; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. cells treated with LPS alone.
Values are shown as the mean ± standard deviation.

3.5. Effects of HT074 on Histological Changes in Esophagus Triggered by RE

Histological observations revealed significant tissue damage in the esophageal tissue
of the RE control group, characterized by mucosal damage, epithelial congestion, and
mucosal and submucosal hemorrhage following acid reflux surgery. However, these
changes were not observed in the HT074-treated group. Particularly, HT074 exhibited
significant improvement compared to ranitidine.

Figure 5 confirms that the RE control group exhibited significant damage to the
thickness of the epithelial cell layer and the lamina propria layer. In contrast, the esophageal
tissue treated with HT074 and ranitidine showed evident protection against these lesions
when compared to the RE control group.

3.6. HT074 Regulated Antioxidant Effect on Rat Esophageal Tissue

We conducted experiments to verify the antioxidant effect on the tissues of the GERD
model. The results demonstrated that HT074 treatment significantly increased the ex-
pression of HO-1 (p < 0.0001 in 100 mg/kg, p < 0.001 in 300 mg/kg), SOD (p < 0.05 in
300 mg/kg), GPx-1/2 (p < 0.001 in 100 mg/kg), and Nrf2 (p < 0.01 in 100 mg/kg, p < 0.05 in
300 mg/kg), consistent with the in vitro findings. However, no significant difference was
observed in CAT expression (Figure 6).
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Figure 4. Protective effects of HT074 on RE in rats induced with gastric acid reflux. (A) Morphological
examination of the esophagus in each group, (B) ratio of esophageal damage, (C) pH of gastric
contents. Rats were administered orally with distilled water (CON), ranitidine 50 mg/kg (R 50),
HT074 100 mg/kg (HT074 100), and HT074 300 mg/kg (HT074 300) 1.5 h before inducing acute
reflux esophagitis. The significance was determined by one-way ANOVA with Dunnett’s multiple
comparison test (ratio of esophageal damage) and the Kruskal–Wallis test with Dunn’s post hoc
test (pH). * p < 0.05, ** p < 0.01, *** p < 0.001, vs. RE-controlled rats. Values are shown as the
mean ± standard deviation.
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Figure 5. Effects of HT074 on histological changes in rats induced with esophageal reflux. Rats
were administered orally with distilled water (CON), ranitidine 50 mg/kg (R 50), HT074 100 mg/kg
(HT074 100), and HT074 300 mg/kg (HT074 300) 1.5 h before inducing acute reflux esophagitis.
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Figure 6. The effect of HT074 on the expression levels of antioxidation-related proteins in esophageal
tissues of rats. Rats were administered orally with distilled water (CON), ranitidine 50 mg/kg (R50),
HT074 100 mg/kg (H100), or HT074 300 mg/kg (H300) 1.5 h before acute reflux esophagitis was
induced. Data are presented as the mean ± SD. The tissue lysates for each group were resolved by
SDS–PAGE and immunoblotted with antioxidant markers. Densitometry of the Western blot bands’
antioxidant markers was performed using ImageJ, and ratios of target gene to β-actin were calculated.
The significance was determined by one-way ANOVA with Dunnett’s multiple comparison test (Nrf2,
SOD), Brown–Forsythe–Welch ANOVA with Dunnett’s T3 multiple comparison test (CAT), and the
Kruskal–Wallis test with Dunn’s post hoc test (HO-1, GPx-1/2). * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 vs. controlled rats.

4. Discussion

Pretreatment of the RAW 264.7 cells with HT074 attenuated LPS-induced NO pro-
duction. Furthermore, HT074 treatment dose-dependently increased the expression levels
of HO-1, Nrf2, CAT, and GPx2 mRNA compared to LPS-treated RAW 264.7 cells. In rats,
oral administration of HT074 effectively reduced the esophageal lesions induced by GER.
HT074 did not have any significant impact on gastric pH levels. In tissues of the GERD
model, HT074 treatment led to an increase in the expression of HO-1, SOD, GPx-1/2 and
Nrf2, which aligns with the in vitro results. However, no significant differences were
observed in the expression of CAT. These findings highlight the potential of HT074 as a
therapeutic agent for managing GERD.

We performed experiments to determine the intracellular antioxidant effects of HT074.
Pretreatment of LPS-induced RAW264.7 cells with HT074 reduced NO production in a
concentration-dependent manner. The LPS-induced RAW 264.7 cell model is commonly
used to screen anti-inflammatory and antioxidant activity [35,36]. The most significant
indicator of cellular inflammation induced by LPS is the overproduction of inflammatory
mediator NO [37]. It is well established that ROS can initiate the peroxidation of polyunsat-
urated fatty acids present in cellular membranes [38]. Excessive production of ROS and
oxidative stress lead to the generation of high levels of NO as part of the inflammatory
response [39]. These results suggest that the esophageal protective effects of HT074 might
be mediated by the antioxidant effects.

HT074 reduced GER-induced esophageal lesions by 97.9% and 77.4% at doses of
100 and 300 mg/kg, respectively, compared to the control group in the rat model of
GERD. The HT074 groups exhibited a higher inhibition rate compared to the ranitidine
20 mg/kg group (47.5%). The acute rat reflux esophagitis model is widely used in GERD
studies. In this model, the pylorus is ligated to prevent gastric acid from entering the
duodenum, and the forestomach is also ligated to reduce stomach volume, thus facilitating
the reflux of gastric acid into the esophagus [40]. In this study, the esophageal tissue of
the control group exhibited tissue injury and hemorrhage induced by the inflammatory
response. As is commonly known, gastric acid reflux causes various forms of esophageal
damage, including inflammation, ulceration, and disruption of the normal squamous
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epithelium [41]. The reduction of lesions in this model indicates its effectiveness in treating
reflux esophagitis [42]. The results indicate that HT074 effectively mitigated esophageal
mucosal damage in rats with acute esophagitis.

Given that symptoms commonly associated with GERD are typically linked to reflux
episodes characterized by reduced pH levels, lower minimum pH values, and prolonged
acid clearance times [41], an assessment of the gastric content pH levels was conducted.
The administration of HT074 did not have an impact on pH levels, while ranitidine showed
significant effects on the pH level of gastric contents, confirming its inhibitory effects on
acid secretion. Although a previous study reported a decrease in acidity [27], it was not
statistically significant in the current investigation. Thus, it appears that the esophageal
protective effect of HT074 does not depend on gastric acid secretion. These properties
of HT074 suggest that it can suppress GERD without causing various side effects, such
as hypochlorhydria, rebound hypersecretion, and ventilator-associated pneumonia, com-
monly associated with the short-term or long-term use of acid secretion inhibitors [43,44].

Nrf2 is a crucial transcription factor involved in the regulation of antioxidant protein
expression, which plays a protective role against oxidative damage [45]. The half-life of
the Nrf2 protein is short under normal circumstances [46], which helps maintain cellular
levels of Nrf2 at a low level to prevent transient activation of the antioxidant response.
ROS induce changes in the Nrf2 complex and enhance the transcription of genes such as
HO-1. Therefore, the Nrf2/HO-1 pathway can serve as a biomarker of oxidative stress
response under pathological conditions [47]. Several studies have demonstrated the ef-
fective amelioration of inflammatory injury to the esophageal mucosa through activation
of the Nrf2/HO-1 antioxidant pathway. In acute RE rats, extracts from Rhei Rhizoma,
Gardeniae Fructus, and Curcumae Longae Rhizoma protected the esophageal mucosa by
increasing the expression level of Nrf2 [24,47,48]. In the present study, HT074 increased
the mRNA expression of HO-1 in RAW264.7 cells, induced oxidative damage by LPS, and
increased the protein expression levels of Nrf2 and HO-1 in rats. These results suggest that
the antioxidant effects through the induction of HO-1 mediated by Nrf2 are involved in the
esophageal protective effect of HT074.

Enzymes such as SOD, GPx, CAT, and others collectively participate in the metabolic
pathway of free radicals, contributing to the elimination of free radicals [49]. Especially,
SOD plays a role in regulating and expressing antioxidant enzymes in response to oxida-
tive stress, while GPx functions to suppress oxidative stress and maintain the balance of
oxidation and reduction [50,51]. If these enzymes are damaged due to oxidative stress,
various degenerative disorders can occur. SOD swiftly converts superoxide (O2

−) into
hydrogen peroxide (H2O2), while GPx and CAT subsequently transform H2O2 into water
(H2O), effectively eliminating oxidative stress [49]. The decreased antioxidant activity of
SOD can contribute to esophageal damage in GERD patients and lead to cellular damage
caused by free radicals. In other words, SOD can serve as a biomarker for the treatment
of reflux esophagitis [52]. Previous studies have shown that HT074 protects the gastric
mucosa by eliminating free radicals through a mechanism involving sulfhydryl compounds
and promotes mucin secretion during gastrointestinal injury [27]. Other studies on various
diseases have shown that I. britannica extract and its flavonoid fractions activate SOD and
catalase, thereby exhibiting hepatoprotective effects in rats [53,54]. Additionally, several
flavonoid compounds derived from I. britannica have been reported to increase CAT ac-
tivity in rat cortical cells [55]. P. lactiflora extract has been found to enhance SOD, GPx,
and CAT levels in the liver tissues of rats [56], and it has also been shown to prevent the
loss of antioxidant enzyme activities, including SOD, GSH-Px, and CAT, in lung fibroblast
MRC-5 cells [57]. Like previous studies, in this study, HT074 has been found to mitigate
GER-induced lipid peroxidation and recover the reduction of antioxidant enzymes such as
SOD and GPx-1/2. The antioxidant effect of HT074 was also confirmed through analysis of
mRNA expression of antioxidant-related genes, such as CAT and GPx2, in RAW264.7 cells
induced with oxidative damage by LPS. Based on these findings, our results suggest that
the esophageal protective effect of HT074 is mediated by its antioxidant properties.
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This study holds important implications for the potential treatment of GERD with
natural substances, although there are limitations to the experiment. We used a model that
induced gastroesophageal reflux over a short period and administered the extract only
once. However, since GERD tends to worsen over a long period, further evaluation of the
long-term effects of the extract using a long-term induction model is necessary. We are
preparing for this and aim to confirm it through subsequent studies.

5. Conclusions

In summary, the results of this study revealed that oral administration of HT074 extract
demonstrates a protective effect on the esophagus in rats with GER-induced esophagitis.
The observed effect of HT074 is attributed to its ability to inhibit nitric oxide (NO) pro-
duction and modulate antioxidant activity, leading to the activation of key cellular factors,
including Nrf2, HO-1, GPx-1/2, SOD, and catalase. These findings support the potential of
HT074 extract as a valuable therapeutic intervention for managing GERD.
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Abbreviations

ANOVA Analysis of variance
CAT Catalase
CGA Chlorogenic acid
DAD Diode array detector
DMEM Dulbecco’s modified Eagle medium
DMSO Dimethyl sulfoxide
GER Gastroesophageal reflux
GERD Gastroesophageal reflux disease
GPx Glutathione peroxidase
H2 blockers Type 2 histamine receptor antagonists
H&E Hematoxylin and eosin
HPLC High-performance liquid chromatography
LPS Lipopolysaccharide
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
NO Nitric oxide
Nrf2 Nuclear factor erythroid 2-related factor 2
PBS Phosphate-buffered saline
PPIs Proton pump inhibitors
RE Reflux esophagitis
ROS Reactive oxygen species
SD Standard deviation
SOD Superoxide dismutase
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