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Abstract: Banana peel (BP) has potent antioxidative properties; however, the anti-inflammatory
potential of BP and its related bioactive components remain unclear. This study used solvent
extraction and gas chromatography–mass spectrometry (GC–MS) to isolate and identify the active
fractions and compounds in BP. BP was extracted with 95% ethanol (BP-95E) and partitioned with an
ethyl acetate (EA) and water mixture to obtain the BP-95E-EA and BP-95E-H2O fractions. The BP-95E-
EA fractions were further partitioned with n-hexane (Hex) and methanol (MeOH) mixtures to obtain
BP-95E-EA-Hex and BP-95E-EA-MeOH subfractions, and the BP-95E-H2O fractions were partitioned
with n-butanol (BuOH) to obtain BP-95E-H2O-BuOH subfractions and the H2O residual. The results
show that the BP-95E-H2O-BuOH subfractions exhibited the most potent inhibition of interleukin-6
(IL-6) and tumor necrosis factor-α (TNF-α) secretion while down-regulating inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2) protein expression in lipopolysaccharide (LPS)-
stimulated RAW264.7 macrophages. In this active subfraction, five non-polyphenol compounds were
identified, namely, 5-hydroxyethyl furfural (5-HMF), guaiol, oleic acid, linoleic acid, and oleamide.
5-HMF, guaiol, and oleamide were the most effective at suppressing IL-6 and TNF-α secretion. The
in vivo immunomodulatory action of BP was evaluated in an LPS-induced endotoxemia model of
BALB/c mice. Oral administration of BP-95E-H2O-BuOH extracts (42 and 166 mg/kg b.w.) for two
weeks lowered the serum levels of IL-6 and TNF-α and normalized the activated T-cell population, as
evidenced by an increase in CD3CD69 and decrease in IFN-γ/IL-4 (Th1/Th2) in mice with systemic
inflammation. Our findings reveal that BP exhibits anti-inflammatory and T-cell immunomodulatory
effects that may contribute to delaying endotoxemia-associated disorders.

Keywords: banana peel extracts; LPS; inflammation; cytokine; T cell

1. Introduction

According to the Food and Agriculture Organization (FAO) estimation, bananas are
the most widely consumed and traded agricultural crop in the world, accounting for
13.6% of global fruit production. The average global banana production increased from
69 million tons in 2000–2002 to 119.8 million tons in 2020, with a value of approximately
USD 31 billion [1]. Banana peel (BP) is a waste byproduct that accounts for around 35–40%
of the total fruit weight; as a result, over 41.9 million tons of BP are discarded each year
and may cause environmental problems. Therefore, increasing the recycling and reuse of
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BP would appear to be an environmentally friendly approach to waste management and
increase its added value [2,3].

Mohapatra et al. reported that BP has the potential to be a good feed material for
livestock and poultry since it provides 3% carbohydrates, 6% protein, 3% fat, 3.8–11%
crude fat, 43.2–49% dietary fiber, and 1% vitamin C [4]. BP is also used as a biopolymer
in water purification [5] and is an organic fertilizer, recently producing ethanol, methane,
and cellulose [2]. In aquaculture, the dietary administration of BP extracts for 120 days
enhanced prawns’ resistance to pathogens by stimulating immune responses and phago-
cytic activities. In traditional and folk medicine, BP is used to treat trauma, diarrhea in
infancy [6], burn wounds, depression [7], and inflammatory-related illnesses. However,
the scientific evidence underlying its therapeutic activities remains unclear.

It has been reported that BP is rich in dietary fiber and pectin [8], contains over 40
polyphenol antioxidants, and exhibits potent antioxidant and antimicrobial properties.
The polyphenols in BP can be categorized into four subgroups: hydroxycinnamic acids,
flavonols, flavan-3-ols, and catecholamines. Among these compounds, ferulic acid and rutin
are the two most abundant constituents [9]. The administration of gallocatechin-rich BP
extract (106.6 µg/mL) exhibits wound-healing potential as evidenced by a decrease in the
epithelization period and an increase in the hydroxyproline content over the experimental
period [7]. This is consistent with the beneficial wound-healing data of Atzingen et al.
(2013), who employed a 4% BP gel from unripe Musa sapientum L. to treat skin lesions
caused by surgical excision in rats [10]. Of note, variety, maturity, cultivation, and drying
condition all have an impact on the bioactive compositions of BP [9,11]. For example, the
contents of chlorophyll decreased by 90% as BP turned from green to yellow, whereas
carotenoids and flavonoids increased by 50% and 27%, respectively. Compared to heat-
dry methods, microwave irradiation of BP at 960 watts for six minutes preserved the
main bioactive components and antioxidant activity [11]. The contents of phenolics and
proanthocyanidins and antioxidant capacity increased with the ripening process [12]. The
gallocatechin contents and antioxidant activity of BP against lipid peroxidation are greater
than those of banana pulp [13]. Fresh unripe BP has the most significant antioxidant
capacity, while fresh ripe BP can only suppress nitric oxide (NO) generation [14].

BP extracts may also possess anti-microbial and anti-inflammatory properties. Water
and ethanol extracts of BP have shown antimicrobial activities against Gram-positive and
Gram-negative bacteria [15–17]. In an emergency, the inside of BP possesses antibacterial
characteristics and can be placed directly around wounds or relieve swelling following a
mosquito bite [7]. Wang et al. also reported that polyphenol-rich BP extracts (200 mg/kg
body weight) could ameliorate hepatic injuries and inhibit the production of proinflamma-
tory cytokines and oxidative stress in CCl4-treated mice [18]. These findings suggest that
BP could be a functional food for human nutrition and health maintenance.

Inflammatory cytokines and the activation of macrophages and T lymphocytes have
a role in the development of cancer [19], insulin resistance [20], and cardiovascular dis-
ease [21]. Several studies have reported that acute phase endotoxemia, tissue damage,
organ failure, shock, and even COVID-19 mortality may result from the overproduction
of pro-inflammatory mediators and cell adhesion molecules [22,23]. Observations have
indicated that CD4

+ T cells, regulatory T cells (Tregs), and natural killer T cells (NKTs) can
modulate the activation and inactivation of macrophages in response to extrinsic stimuli
such as LPS, leading to an inflammatory response. In response, macrophages may release a
cascade of pro-inflammatory cytokines, including IL-1, IL-6, IL-12, TNF-α, and IFN-γ [24].
Accordingly, the present study investigated the anti-inflammatory and T-cell immunomod-
ulatory effects of BP in LPS-treated RAW264.7 macrophages and an LPS-challenged mouse
model. The solvent extraction and GC–MS technique were also employed to isolate and
identify the active fractions and non-polyphenol compounds in BP.



Agriculture 2023, 13, 451 3 of 14

2. Materials and Methods
2.1. Reagents

The chemical reagents lipopolysaccharide (LPS, E. coli serotype O55:B5), ammonium
pyrrolidine dithiocarbamate (PDTC), concanavalin A (Con A), bovine serum albumin, 5-
hydroxyethyl furfural (product No. 53407, ≥98.0%), guaiol (product No. 29242, ≥99.0%),
oleic acid, linoleic acid (product No. O1008, ≥ 99.0%), oleamide (product No. 08393, ≥98.5%),
and 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma Chemicals Co. (St Louis, MO, USA). Anti-iNOS, anti-COX-2, and anti-GAPDH
antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). IL-6 and
TNF-α enzyme-linked immunosorbent assay (ELISA) kits were purchased from eBioscience
(Minneapolis, MN, USA). All other chemicals were of reagent or analytical grade.

2.2. Plant Materials and Preparation of Banana Peel Extracts

The raw materials of bananas (Musa sp., cavendish (AAA) subgroup) were purchased
from fruit and vegetable markets in Kaohsiung city and authenticated by the Taiwan
Banana Research Institute (Pingtung City, Taiwan). Briefly, the bananas were washed, and
their pulps were removed. The remaining fresh peels were defined as wet banana peels
(wBPs) in this study. To prepare dry banana peels (dBPs), the wet peels were placed in
a circulating oven at 60 ◦C for three days. To prepare BP extracts, 10 kg of wBPs and
dBPs was cut into small pieces and extracted five times with 95% ethanol (95E) at room
temperature. After gauze filtration, the filtrates were collected and concentrated with a
vacuum evaporator to obtain the wBP-95E and dBP-95E extracts, respectively. Both of the
BP-95E extracts were then partitioned with ethyl acetate (EA) and water mixtures (1:1) in a
separatory funnel; the EA and water layers were collected and concentrated to obtain the
BP-95E-EA and BP-95E-H2O fractions, respectively. Finally, the BP-95E-EA fractions were
further partitioned with n-hexane (Hex) and methanol (MeOH) mixtures (1:1) to obtain the
BP-95E-EA-Hex and BP-95E-EA-MeOH subfractions, whereas the BP-95E-H2O fractions
were partitioned with n-butanol (BuOH) to obtain the BP-95E-H2O-BuOH subfractions
and the H2O residual. The partitioning scheme of the wBPs and dBPs for liquid–liquid
extraction is shown in Figure 1.
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Figure 1. Extraction, separation, and fractionation of anti-inflammatory components from banana
peel. BP-95E-H2O-BuOH subfractions exhibited the most potent anti-inflammatory and T-cell im-
munomodulatory properties.2.3. Gas Chromatography–Mass (GC–MS) Spectrometry Analysis.
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GC–MS analysis was performed using an Agilent 7890B-GC and 5977A-MSD sys-
tem (Agilent Technologies, Santa Clara, CA, USA) with an electron impact mode (70 eV)
injector and an Agilent data system. The GC column was an HP-5ms Ultra Inert cap-
illary column (30 m × 0.25 mm, film thickness 0.25 µm, Agilent 19091S-433UI, USA).
The injector and detector temperatures were set at 250 ◦C. The oven temperature was
70 ◦C, which was held for 10 min, and programmed to increase to 180 ◦C (hold for
5 min) at a rate of 2.5 ◦C/min. Then, it was raised to 250 ◦C at a rate of 2 ◦C/min,
and kept at 250 ◦C for 6 min. The carrier gas was helium at a flow rate of 0.8 mL/min.
Diluted samples of 2.0 µL were injected manually in the splitless mode. The components
were identified by comparison of their mass spectra with the NIST MS 14.0 database
(Gaithersburg, MD, USA).

2.3. Cell Culture and Treatment

The RAW264.7 cells (Bioresource Collection and Research Center, Hsinchu, Taiwan;
BCRC60001) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum in a humidified incubator at 37 ◦C with 5%
CO2. While conducting the experiments, the cells were seeded on either a 96-well plate
(cell density of 5 × 103 cells/well) or 6 cm dishes (cell density of 7 × 105 cells/well)
for the indicated assays. The cells were pretreated with BP extracts or their identified
compounds for 1 h and then stimulated with 100 ng/mL LPS. The cell viability was
measured with the MTT assay [11]. Briefly, 55 µL of DMEM containing 1 mg/mL of MTT
was loaded onto the plate and incubated for 3 h. Then, 100 mL of isopropanol containing
0.04 N HCl was added to each well to dissolve the colorful crystals. The cell viability was
determined by measuring the absorbance at 570 nm in an ELISA plate reader (Model 550,
BioRad Laboratories, Hercules, CA, USA). Additionally, the culture media were collected
to analyze the release of the pro-inflammatory cytokines after 48 h of stimulation. In the
Western blotting assay, the cell lysates were collected to detect the target protein (iNOS and
COX-2) expressions after 12 h of stimulation.

2.4. Western Blotting

The cells were lysed with lysis buffer at 4 ◦C, and the supernatants were collected
and analyzed immediately. The protein concentrations were detected with a BCA Protein
Assay Kit (Pierce, Rockford, IL, USA). A total of 25 µg from the total cell lysates was
subjected to SDS-polyacrylamide gel electrophoresis, and the proteins were transferred onto
a polyvinylidene difluoride membrane (Millipore, Temecula, CA, USA). The membrane was
incubated with primary anti-iNOS (1:5000) and anti-COX-2 antibodies (1:7500) at 4 ◦C. The
membrane was then incubated with goat anti-rabbit IgG, or goat anti-mouse IgG conjugated
to horse radish peroxidase was used as a secondary antibody. Enhanced chemiluminescence
plus Western blotting detection reagents (Amersham Bioscience, Uppsala, Sweden) were
used to detect the protein signals, and Quantity One software (Bio-Rad) was used to
measure the band intensities. Polyclonal mouse anti-human GAPDH antibodies served as
the internal control.

2.5. LPS-Induced Systemic Inflammation in Mice

Six-week-old female BALB/c mice (n = 88) were purchased from the National Animal
Center (Taipei, Taiwan). All mice were maintained in an air-conditioned room at 23 ± 2 ◦C
on a regulated 12 h light/dark cycle and fed a standard chow diet (Lab Rodent Chow 5001,
Ralston Purina Inc., St. Louis, MO, USA) for adaptation. At the age of 9 weeks, the mice
were randomized and divided into four groups (22 mice in each group): the control group,
the L-BP group (BP-95E-H2O-BuOH extracts with 42 mg/kg b.w.), the H-BP group (BP-
95E-H2O-BuOH extracts with 166 mg/kg b.w.), and the PDTC group (which served as an
NF-κB inhibitor for the anti-inflammatory control). All mice were fed a chow diet and daily
tube-fed with either the indicated sample or distilled water at a volume of 100 µL. After two
weeks, the mice were injected intraperitoneally (i.p.) with 15 µg LPS/kg body weight (b.w.)
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to induce systemic inflammation as described previously [25]. The PDTC group mice were
i.p. injected with 50 mg PDTC/kg b.w., a dose with anti-inflammatory effects, 1 h before the
LPS challenge. The body temperatures and survival times of ten mice in each group were
recorded to monitor their lifespan. Six hours after the LPS challenge, the remaining 12 mice
were euthanized, and the spleen cells and peritoneal exudate cells (PECs) were collected
for the analysis of cytokines and T-cell populations. All animal studies were conducted
according to the Animal Protection Act and the regulations of the Animal Care and Use
Committee of the Council of Agriculture, Executive Yuan, and approved by the Institutional
Animal Care and Use Committee (IACUC) of I-Shou University (IACUC-ISU-102-16).

2.6. Murine Primary Spleen and PEC Cell Culture

After the mice were sacrificed, the spleen cells and PECs were collected under sterile
conditions. The culture medium used in the experiments was RPMI-1640 supplemented with
10% FBS. The spleen cells, at a concentration of 5 × 106 cells/mL/well, were treated with or
without Con A (5 µg/mL) for 24 h. The PECs were seeded at 1.5 × 106 cells/mL/well and
treated with or without LPS (10 µg/mL) for 48 h. After stimulation, the cell supernatants were
collected for the measurement of cytokine secretion.

2.7. Nitric Oxide Determination

The level of nitrite to represent the nitric oxide (NO) production was analyzed using
Griess reagent, which was freshly prepared by mixing reagent A (1% sulfanilamide in 2.5%
phosphoric acid) and reagent B (0.1% N-1-naphthylethylene diamide dihydrochloride in
water) at a ratio of 1:1. Briefly, the cell supernatant at the volume of 80 µL was added to
the well, and then the comparable volume of Griess reagent was added. After a 10 min
reaction, the 540 nm absorbance of each well was measured by an ELISA plate reader. The
NO concentrations were calculated using a NaNO2 standard curve.

2.8. Pro-Inflammatory and Anti-Inflammatory Cytokines Assay

The secretion of cytokines, including IL-4, IL-6, IL-10, TNF-α, and IFN-γ, was mea-
sured with commercial ELISA kits (eBioscience, Minneapolis, MN, USA). Briefly, primary
anti-cytokine antibodies were coated onto 96-well plates overnight. The wells in the plates
were washed with washing buffer and blocked with blocking solution for 1 h. The diluted
cell supernatants or sera were added to the wells for 2 h of incubation. Next, the wells were
washed, and biotin-conjugated anti-cytokine antibodies were added for 1 h. The wells were
then washed, and horseradish-peroxidase-conjugated streptavidin was added for 30 min.
Following the washes, the coloring reagent tetramethylbenzidine (TMB, Clinical Science
Products, Mansfield, MA, USA) was added to wells. The absorbance was measured by an
ELISA plate reader at 620 nm. The data were calculated according to the standard curves
of the cytokines.

2.9. Flow Cytometry

Phenotypic analysis of the spleen cells from the mice was performed by flow cytometry.
Cells at a density of 2 × 106 were suspended in 1 mL of PBS (with 0.1% sodium azide) and
incubated at 4 ◦C for 30 min with fluorescein isothiocyanate- or phycoerythrin-conjugated
monoclonal antibodies (BD Pharmingen, San Diego, CA, USA). The cells were washed and
resuspended in 1.0 mL of PBS (with 0.1% sodium azide) and subjected to fluorescence-
activated cell sorting (FACScan analysis). A total of 10,000 cells were counted, and the
frequencies of cell surface markers (CD3, CD4, CD25, and CD69) were determined using
appropriate software (FACScan, Becton Dickinson, Mountain View, CA, USA).

2.10. Statistical Analysis

Each experiment was performed at least three times. The data are expressed as the
means ± SD or means ± SEM. The significant difference compared to the control group was
statistically analyzed using Student’s t-test using the SAS software program (SAS/STATA
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version 8.2; SAS Institute, Cary, NC, USA). The statistical comparison between different
survival curves was analyzed using Cox’s proportional hazards regression test (STATA
version 9.0; Stata Corp., College Station, TX, USA). The relationship was analyzed using
the simple correlation of the SAS program. Statistical significance is expressed as p < 0.05.

3. Results and Discussions
3.1. Anti-Inflammatory Effect of BP Extracts in LPS-Stimulated Macrophages

Given that drying conditions and extracted solvents may affect the chemical and bioac-
tive properties of dried BP [11,26], the BP was divided into fresh wet banana peels (wBPs) and
dry banana peels (dBPs) with different heat-drying procedures in this study. We examined
the anti-inflammatory effects of wet and dry BP extracts obtained from the liquid–liquid
solvent extraction in the LPS-stimulated RAW264.7 macrophages. The results in Figure 2a
show that the BP extracts from the BuOH (wBP-95E-H2O-BuOH and dBP-95E-H2O-BuOH)
and methanol (wBP-95E-EA-MeOH and dBP-95E-EA-MeOH) subfractions display signif-
icant suppression of IL-6 production in the LPS-stimulated RAW264.7 cells. In addition,
only the BP-95E-H2O-BuOH subfractions inhibited TNF-α production (Figure 2b). We also
detected expressions of inflammation-related proteins and found that the BP-95E-H2O-BuOH
subfractions exhibited significant inhibitory effects on the expressions of iNOS and COX-2
(Figure 3). However, wBP-95E-EA-MeOH at a concentration of 200 µg/mL reduced iNOS
expression but increased COX-2 expression, showing diverse effects on the inflammatory
response at a specific dose. However, the extracts, other than BP-95E-H2O-BuOH and wBP-
95E-EA-MeOH, had slight or moderate inhibitory effects on these cytokines and protein
expressions. Accordingly, the active wBP-95E-H2O-BuOH subfractions were chosen to verify
their anti-inflammatory activity in vivo.
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Figure 2. Effects of butanol and methanol subfractions of BP on the release of IL-6 (a) and TNF-α
(b) in LPS-stimulated RAW264.7 cells. Cells were preincubated with or without the indicated BP
subfractions for 1 h and then stimulated with LPS (100 ng/mL) for 48 h. Cytokine secretions in
culture media were measured by commercial ELISA kits. The levels of IL-6 and TNF-α in untreated
control (without LPS) were undetectable. A significant difference from the LPS alone is indicated
as * p < 0.05 or *** p < 0.001 according to Student’s t-test. The values in the column represent the
inhibition percentage (%) of cytokine secretions by BP extracts. The fresh peel was defined as
wet banana peel. The wet banana peel placed in a circulating oven at 60 ◦C for three days was
defined as dry peel. BP, banana peel; E95, 95% ethanol extract; BuOH, butanol subfraction; MeOH,
methanol subfraction.
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Figure 3. Effects of butanol and methanol subfractions of BP on iNOS or COX-2 protein expressions
in LPS-stimulated RAW264.7 cells. Cells were pretreated with the indicated BP extracts for 1 h
and then stimulated with LPS (100 ng/mL) for 12 h. Whole-cell lysates were subjected to Western
blotting analysis using the anti-COX-2 and anti-iNOS antibodies or an anti-GAPDH antibody as
a loading control (a). The extents of protein expression are expressed as multiples of LPS alone
(b,c) and quantified by densitometric analysis using Quantity One software (Bio-Rad). Bar values are
means ± SD of three independent experiments in these assays. A significant difference from the LPS
control is indicated as * p < 0.05, ** p < 0.01, or *** p < 0.001 according to Student’s t-test.

3.2. Identification of Bioactive Compounds in BP-95E-H2O-BuOH Subfractions

Five compounds of the BP-95E-H2O-BuOH subfractions were identified from the GC–
MS analysis (Figure 4a,b), and their anti-inflammatory potencies were analyzed. The exper-
imental data show that 5- hydroxymethyl furfural (5-HMF, 1), guaiol (2), and oleamide (5)
at a concentration of 100 µM significantly inhibited NO production (Figure 4d) and IL-6
(Figure 4e) and TNF-α (Figure 4f) secretion. A recent study indicated that 5-HMF (100 µM)
isolated from Armillaria mellea inhibited NO, IL-6, and TNF-α production in LPS-stimulated
microglial cells [27]. Another study showed the protective effects of oleamides on neuro-
function through the suppression of iNOS and COX-2 proteins [28]. Our study is the
first to report that these three compounds in BP extracts inhibited the production of
pro-inflammatory cytokines and may be the crucial constituents that contribute to the
anti-inflammatory properties of the BP-95E-H2O-BuOH subfractions.
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Figure 4. (a) GC–MS spectrometry profile of BP-95E-H2O-BuOH subfractions of BP. (b) Five non-
polyphenol components in BP-95E-H2O-BuOH subfractions were identified by comparison of their
mass spectra with the NIST MS 14.0 database (Gaithersburg) as follows: (1) 5-hydroxymethyl furfural
(5-HMF, retention time (RT) = 23.9 min), (2) guaiol (RT = 42.0 min), (3) oleic acid (RT = 67.1 min),
(4) linoleic acid (RT = 76.7 min), and (5) oleamide (RT = 77.1 min). (c) RAW264.7 cells were treated
with 5-HMF, guaiol, and oleamideat for 48 h, and the cell viability was measured with MTT assay.
The levels of (d) NO, (e) IL-6, and (f) TNF-α were determined in culture media of LPS-challenged
RAW264.7 cells with or without 5-HMF, guaiol, or oleamideat, as described in Section 2. The bars
with the symbols # and * represent significant differences (p < 0.05) from the blank and the control,
respectively, according to Student’s t-test.
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A review study summarized that there are many biologically active compounds
in banana peel, including flavonoids, tannins, phenolic acids, alkaloids, saponins,
carotenoids, sterols, triterpenes, and catecholamines [2]. Another study also reported
that banana peel contains high amounts of oleic acid and linoleic acid [29]. However,
no studies have reported that 5-hydroxymethylfurfural (5-HMF), guaiol, and oleamide
exist in banana peel. This study identified HMF, guaiol, and oleamide for the first time
in BP using GC. The current study determined that BP-E95-H2O-BuOH subfraction and
its non-polyphenol components 5-HMF, guaiol, and oleamide exhibited significant anti-
inflammatory properties. 5-HMF is a highly valuable chemical derived from biomass
because it is relatively chemically reactive, and many derivatives can be produced by
its oxidation, hydrogenation, and condensation [30]. It is worth investigating more
renewable biomass wastes, such as food and agricultural wastes. Recently, a chemical
transforming method successfully converted components of banana peel to 5-HMF at a
high yield rate [31], implying that 5-HMF or its precursors reasonably exist in banana
peel. Here, the anti-inflammatory potencies of these compounds were explored. Since
oleic acid and linoleic acid at high doses (100–1000 µM) yielded slight inhibitory effects
on the secretions of pro-inflammatory mediators in the RAW264.7 cells in our tests and in
a previous study [32], we only showed the anti-inflammatory effects of three compounds
in the RAW cell model. Guaiol has been shown to exist in the essential oil extracted from
the leaves of Calycorectes sellowianus O. Berg and to exhibit anti-inflammatory effects
through the reduction of neutrophil chematoxins [33]. In another study, Moon et al. [34]
found that oleamide inhibits inflammatory responses in LPS-stimulated RAW264.7
macrophages and alleviates paw edema in a rat model of inflammation induced by
carrageenan. The results of this study indicate that, in addition to the polyphenolic
compounds found in BP, other non-polyphenolic components may also possess anti-
inflammatory potential, which warrants further investigation.

3.3. In Vivo Anti-Ianflammatory Effects of BP-95E-H2O-BuOH Subfractions

After a two-week supplement of BP-95E-H2O-BuOH subfractions, the mice were
challenged with LPS, and the serum and cellular cytokine profiles were assayed. As
shown in Table 1, the serum levels of TNF-α and IL-6 in the H-BP group were lower
than those of the control group. The PDTC group, a positive control, showed an
inhibitory effect on the production of these two cytokines, which is in accordance with
our previous studies [25,35]. Next, for cellular events, we harvested the PECs from mice
and cultured PECs in the absence and presence of LPS to determine the production of
pro-inflammatory mediators. As shown in Table 1, the levels of NO and TNF-α were
not affected, but IL-6 was significantly reduced by the BP-95E-H2O-BuOH treatment. In
parallel, the PDTC treatment significantly reduced the production of IL-6 and TNF-α.
Therefore, the BP-95E-H2O-BuOH subfractions of BP could attenuate the inflammatory
responses in LPS-challenged mice.
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Table 1. The effects of BP-95E-H2O-BuOH extract administration on the release of pro-inflammatory
mediators in serum and PECs from LPS-challenged mice.

Groups Control a L-BP H-BP PDTC

Serum b

IL-6 755 ± 88 661 ± 78 556 ± 75 * 562 ± 43 *

TNF-α 0.99 ± 0.11 0.66 ± 0.10 * 0.69 ± 0.13 * 0.14 ± 0.04 **

PECs (spontaneous, without LPS) c

NO 10.30 ± 1.74 11.50 ± 2.35 9.83 ± 2.19 10.20 ± 1.83

IL-6 8.10 ± 0.52 5.18 ± 0.69 ** 5.14 ± 0.69 ** 4.55 ± 0.73 **

TNF-α 0.18 ± 0.02 0.15 ± 0.02 0.18 ± 0.02 0.10 ± 0.02 *

PECs (LPS stimulation)

NO 18.50 ± 3.87 17.40 ± 3.85 16.30 ± 3.61 16.90 ± 3.44

IL-6 23.50 ± 3.45 11.50 ± 2.61 * 11.30 ± 1.99 ** 12.80 ± 3.69 *

TNF-α 0.69 ± 0.11 0.56 ± 0.14 0.77 ± 0.14 0.22 ± 0.07 **
a Mice were sacrificed six hours after LPS injection. The BALB/c mice were tube-fed BP-95E-H2O-BuOH extracts
at doses of 44 (L-BP group) and 166 mg/kg b.w. (H-BP group) for two weeks before the LPS challenge, whereas
the mice in the PDTC group were i.p. injected with 50 mg PDTC/kg b.w. 1 h before the LPS challenge. Values
are expressed as means ± SEM (n = 12 mice/group) and were statistically analyzed using Student’s t-test. A
significant difference from the control in the same row is indicated at * p < 0.05 and ** p < 0.01. b The mice sera
were collected for the measurement of IL-6 and TNF-α. The cytokines levels are represented as ng/mL. c PECs
(peritoneal exudate cells) were stimulated with and without 10 µg/mL LPS for macrophage activation. The
cytokines and NO levels are represented as ng/mL and µM, respectively. The levels of basic cytokine released in
normal cell culture conditions without LPS stimulation were spontaneous.

3.4. Effects of BP-95E-H2O-BuOH extracts on the Regulation of Lymphocytes

In general, murine spleen cells under a non-stimulated status have lower cytokine
production; however, in mice suffering from LPS challenge, spleen cells will produce
high levels of inflammation-related cytokines [8]. In the present study, spleen cells
produced detectable levels of IFN-γ, IL-4, IL-6, and IL-10 without stimulus (Table 2).
While these cells were stimulated with Con A, a mitogen leading T cells to polyclonal
proliferation, the levels of the above cytokines increased remarkably. We found that the
mice administered BP-95E-H2O-BuOH extracts in the test groups with 166 mg/k b.w. (H-
BP group) could significantly inhibit the release of IFN-γ and IL-6 and slightly increase
the release of IL-4 and IL-10. Since the percentage of macrophages in spleen cells is
about 12–16% [36], the cytokine network of macrophages, dendritic cells, and T cells
plays a crucial role in regulating pro-inflammation and anti-inflammation. IFN-γ is one
of the T helper type 1 (Th1)-derived cytokines and can communicate with macrophages
for expanding inflammation [37]. IL-4 and IL-10, Th2-derived cytokines, can suppress
excess inflammation. Thus, the Th1/Th2 ratio can be used for the concept of pro-/anti-
inflammation [38]. Several studies have reported that levels of LPS determine Th1 or
Th2 responses to the antigen. Animals sanitized with a high concentration of LPS can
lead to a Th1 response; however, treatment with a low dose of LPS failed to produce
IFN-γ and resulted in Th2 airway inflammation after LPS challenge [39,40].
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Table 2. The modulatory effects of BP-95E-H2O-BuOH extracts on T-cell-related cytokine secretion in
spleen cells from LPS-challenged mice.

Groups Control a L-BP H-BP PDTC

Spontaneous (without Con A) b

IFN-γ 0.28 ± 0.05 0.11 ± 0.01 ** 0.09 ± 0.02 ** 0.12 ± 0.02 *
IL-4 6.52 ± 1.06 6.38 ± 2.07 5.19 ± 1.38 10.4 ± 2.49
IL-6 0.09 ± 0.01 0.08 ± 0.01 0.08 ± 0.02 0.15 ± 0.04
IL-10 0.21 ± 0.04 0.23 ± 0.06 0.21 ± 0.09 0.32 ± 0.18

Con A stimulation c

IFN-γ 5.35 ± 1.06 3.33 ± 1.10 2.38 ± 0.47 * 2.94 ± 0.95 *
IL-4 24.8 ± 9.25 34.1 ± 11.1 64.2 ± 16.7 90.10 ± 32.90
IL-6 0.63 ± 0.10 0.70 ± 0.17 0.25 ± 0.06 * 0.83 ± 0.18 *
IL-10 0.31 ± 0.13 0.61 ± 0.20 0.81 ± 0.24 1.98 ± 0.37 *

T-cell populations d

CD3CD69 23.8 ± 4.56 19.3 ± 5.24 15.9 ± 4.17 * 18.3 ± 3.41 *
CD3CD4CD25 65.3 ± 4.89 67.4 ± 5.89 65.6 ± 1.62 63.4 ± 2.90

a Mice were sacrificed six h after LPS injection. The BALB/c mice were tube-fed BP-95E-H2O-BuOH extracts at
doses of 44 (L-BP group) and 166 mg/kg b.w. (H-BP group) for two weeks before the LPS challenge, whereas
the mice in the PDTC group were i.p. injected with 50 mg PDTC/kg b.w. 1 h before the LPS challenge. Murine
spleen cells were obtained for primary cell culture, and 24 h following culture, the supernatants were collected
for cytokine assay. Values are expressed as the means ± SEM (n = 12 mice/group) and were statistically
analyzed by using Student’s t-test. A significant difference from the control in the same row is indicated as
* p < 0.05 and ** p < 0.01. b The levels of basic cytokine release in normal cell culture conditions without Con
A stimulation were spontaneous. IL-4 levels are expressed as pg/mL, while others are ng/mL. c Cells were
treated with Con A (5 µg/mL) for T-cell activation. d CD3CD69 cell population indicates the percentage of
activated T cells in splenocytic T cells; CD3CD4CD25 cell population refers to the percentage of regulatory T
cells in splenocytic T helper cells.

This study used a high dose of LPS at 15 mg/kg BW to induce acute inflammation,
making the cytokine profile tend toward Th1 polarity. Varma et al. reported that IFN-γ-
producing cells mainly belong to NK cells (around 60%), and around 25% are NKT cells
in the spleens of LPS-challenged mice [41]. It is known that CD69 glycoprotein expresses
on the membranes of activated T and NK cells. Thus, cells with CD3 and CD69 membrane
proteins are often regarded as activated T cells and NKT cells. According to our data, the
CD3CD69 cell population in the BP-95E-H2O-BuOH group was significantly lower than that
of the control (Table 2), which suggests that a BP-95E-H2O-BuOH supplement can regulate
the LPS-induced activations of NKT and T cells and lead to reduced IFN-γ production.
These data show that BP-95E-H2O-BuOH extracts can modulate T-cell activation and the
production of inflammation-related cytokines in LPS-challenged mice.

3.5. Effects of BP Extracts on the Survival Rate and Time in LPS-Challenged Mice

The levels of inflammation-related cytokines were negatively correlated with the
lifespans of LPS-challenged mice [25]. In this study, the survival rate of the H-BP group
(40%) was higher than that of the control group (20%) at 42 h after the LPS challenge
(Figure 3). At the end of this experiment, none of the control or L-BP mice survived, but
the survival rates of the H-BP and PDTC groups were 20 and 30%, respectively. Based
on the average survival time of the mice, the H-BP group had a longer lifespan than the
control group (45.3 ± 9.02 h vs. 35.2 ± 2.37 h, p = 0.20). Although no significant effect
between the BP-95E-H2O-BuOH (L-BP and H-BP groups) and the control was observed in
this experiment, our data suggest that the regulation of the inflammation-related cytokine
profile of a mouse can partly reflect its lifespan in an LPS-challenged model. Some plant
extracts, such as Dioscoreae Rhizoma [42], Prunella vulgaris [43], and Salvia miltiorrhiza
bunge [44], have been suggested to alleviate inflammatory illnesses, including gouty
arthritis, endotoxemia, allergic asthma, and anaphylaxi, by inhibiting TNF-α production.
Possible ways to limit signal transductions have been postulated, including protein kinase
C, tyrosine kinase, and NF-κB activation. PDTC, an NF-κB inhibitor, has been shown to
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protect mice from lethal endotoxic shock when injected 0.5 or 1 h before LPS induction [45].
As the positive control group in this study, PDTC effectively decreased serum IL-6, TNF-α,
and IFN-γ following LPS exposure, resulting in the lowest mortality among the three
groups (Figure 5).
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Figure 5. The effects of BP-95E-H2O-BuOH extract administration on the survival rate of mice
challenged with LPS. The BALB/c mice were tube-fed with BP-95E-H2O-BuOH extracts at doses
of 44 (L-BP group) and 166 mg/kg b.w. (H-BP group) for two weeks before the LPS challenge,
whereas the mice in the PDTC group were i.p. injected with 50 mg PDTC/kg b.w. 1 h before the LPS
challenge. The survival of each group of mice was recorded and is expressed as the survival rate
(a) and survival time (b). A significant difference from the control is indicated as * p < 0.05 according
to Student’s t-test.

4. Conclusions

The BP-95E-H2O-BuOH subfractions of BP had the most effective anti-inflammatory
and T-cell immunomodulatory effects in LPS-challenged in vitro and in vivo models. The
anti-inflammation effects of BP extracts are likely due to decreasing the population of
CD3CD69 cells (activated T cells) and up-regulating the anti-inflammatory cytokines (IL-4
and IL-10). Notably, 5-HMF, guaiol, and oleamide showed significant anti-inflammatory
activity on LPS-stimulated cells, the bioactive components reported in the BP extracts. In
summary, our data indicate that BP can inhibit inflammatory mediators and modulate
T-cell activation, implying that BP may be a medicinal material capable of preventing
inflammation-related disorders.
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