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Abstract: Mulberry (Morus alba L.) is a flowering tree traditionally used in Chinese herbal medicine.
Mulberry leaf flavonoids (MLFs) have been reported to exert important anti-inflammatory and an-
tioxidant properties. The purpose of this study was to select the MLF with the best anti-inflammatory
and antioxidative activities from MLFs eluted by different ethanol concentrations (30%, 50%, and
75%) and explore its pharmacological properties. Three types of MLFs inhibited the production of
nitric oxide (NO), prostaglandin E2 (PGE2), inducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), and inflammatory cytokines in lipopolysaccharide (LPS)-induced RAW 264.7 cells. All
MLFs boosted the antioxidative capacity by decreasing the reactive oxygen species (ROS) production
and the scavenging of 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals and improving the metal
ion chelating activity and reducing power. The results revealed that the MLFs eluted by 30% ethanol
exhibited the best anti-inflammatory and antioxidative activities. A nontargeted metabolomic analy-
sis was used to analyze 24 types of differential flavonoids between the MLFs. Quercetin, kaempferol,
and their derivatives in 30%MLF were more abundant than the other two MLFs. Furthermore,
we evaluated the pharmacological activities of 30%MLF in dextran sodium sulfate (DSS)-induced
ulcerative colitis (UC) mice. The 30%MLF could alleviate the clinical symptoms, reduce the secretion
of inflammatory cytokines, and inhibit the activation of the inflammatory pathway in DSS-induced
colitis mice. This study will provide valuable information for the development of MLFs eluted by
30% ethanol as a functional food.
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1. Introduction

Inflammation is a basic pathological process involved in defensive responses triggered
by internal or external stimuli [1]. The main symptoms of inflammation are calor (heat),
rubor (redness), tumor (swelling), dolor (pain), and loss of function [2]. Moderate inflam-
matory responses have positive effects that are helpful and necessary for the body to resist
harmful stimuli [3]. However, under certain conditions, such as excessive and chronic
inflammation, they may be involved in a range of acute and chronic diseases, including
inflammatory bowel disease (IBD), cardiovascular disease (CVD), type 2 diabetes mellitus
(T2DM), rheumatoid arthritis (RA), and atherosclerosis (AS) [1,2]. There is a close link
between inflammation and oxidative stress, wherein the involvement of oxidative stress is
a common underlying factor in the pathogenesis of most chronic inflammatory diseases [4].
Oxidative stress is the imbalance between cellular oxidants and antioxidants, which leads
to the poor abolition of reactive oxygen and nitrogen species (ROS and RNS) formed in
the cell [5]. Under normal physiological conditions, oxidants and antioxidants in the body
maintain a redox balance. When the balance is disrupted, oxidative stress occurs and
damages the proteins, lipids, and DNA in the cell.
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Genetic and environmental factors, such as diet, figure into inflammation and antioxi-
dation [6]. Recently, a healthy diet that includes vegetables and fruits has attracted attention
for its anti-inflammatory and antioxidant effects [7]. Scientific evidence has demonstrated
that the health benefits of eating vegetables and fruit are a result of the combined ac-
tion of numerous bioactive constituents, including carotenoids, minerals, polysaccharide,
flavonoids, and vitamins [8,9]. Flavonoids, a class of plant-derived dietary compounds,
are secondary metabolites abundantly found in fruits, vegetables, and herbal medicine,
among other sources [10,11]. Previous studies have reported that flavonoids exhibit anti-
inflammatory and antioxidative activities in other plants [12,13]. Mulberry (Morus alba L.),
a fast-growing tree, is found in warm and humid climates and can withstand cold and
drought. The different parts of mulberry are rich in flavonoids and exert anti-inflammatory
and antioxidative activities, including the root bark, fruits, and leaves [14,15]. Mulberry
leaves are a food source for silkworms and used for medicine, human food, and animal
husbandry, which have been attributed to its abundant active ingredients and nutritional
value [16]. Their leaves and leaf-derived extracts are also rich in flavonoids that possess
anti-inflammatory and antioxidative activities [17–19]. However, which flavonoid types
have the best anti-inflammatory and antioxidant activities remains to be determined. Ow-
ing to the wide variety of mulberry species, the composition and efficacy of mulberry leaf
flavonoids (MLFs) may vary across varieties. Thus, it is necessary to further study its
components and pharmacological properties [16].

Ulcerative colitis (UC) is often collectively referred to as IBD, together with Crohn’s
disease (CD), and its incidence rate has increased significantly in the past two decades,
placing a heavy burden on health systems in various countries [20]. The typical clinical
symptoms of UC include abdominal pain, weight loss, diarrhea, and bloody stools [21],
which seriously affect the health and daily life of patients. Currently, the most common
drugs used to treat UC are 5-aminosalicylic acid drugs, corticosteroids, steroids, and im-
munosuppressants, which are very expensive. Although these medications provide some
benefits to patients, they also have drawbacks. The long-term administration of these
medications may result in a weakened immunity, making patients more susceptible to
infections [22]. Consequently, screening for low-cost, low-toxicity, and effective candidate
therapies from natural plant-derived bioactive substances is important. Recently, vari-
ous studies have reported the intestinal anti-inflammatory activity of natural products,
particularly flavonoids [23].

Therefore, the aim of this study was to select the MLF with the best anti-inflammatory
and antioxidative activity and evaluate its pharmacological properties in dextran sodium
sulfate (DSS)-induced UC mice. We extracted three MLFs from a fruit mulberry vari-
ety, which were then eluted with 30%, 50%, and 75% ethanol, and compared the anti-
inflammatory and antioxidative activities of the three MLFs in lipopolysaccharide (LPS)-
induced RAW 264.7 cells. Their antioxidative properties were tested in vitro. The MLF
eluted with 30% ethanol had the highest total flavonoid content (TFC) and showed the
best anti-inflammatory and antioxidant activities. Additionally, we preliminarily deter-
mined that quercetin, kaempferol, and their derivatives may be the main pivotal bioactive
flavonoids. More importantly, we explored the pharmacological properties of the MLF
eluted with 30% ethanol in DSS-induced UC mice. Physiological changes, the secretion of
inflammatory cytokines, and activation of the inflammatory pathway were analyzed in
order to explore its protective mechanism.

2. Results and Discussion
2.1. Cytotoxicity of the MLFs in RAW264.7 Cells

LPS-induced RAW 264.7 cells are the most commonly used models to assess the
potential bioactivity and anti-inflammatory properties of natural products [24,25]. A CCK-8
assay was performed to estimate the cell viability of RAW 264.7 cells treated with the MLFs
and LPS to avoid cell death caused by excess concentrations. The 5 µg/mL, 50 µg/mL,
150 µg/mL, and 250 µg/mL doses of MLFs contained 0.0025%, 0.025%, 0.075%, and 0.125%
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dimethyl sulfoxide (DMSO), respectively. Thus, we also tested the cytotoxicity of different
concentration of DMSO. In Figure 1D, the 0.125% DMSO exhibited significant cytotoxicity
toward RAW 264.7 cells after 24 h and 48 h (p < 0.05). Moreover, as shown in Figure 1A,C,
30%MLF and 75%MLF at 250 µg/mL decreased the cell viability after 48 h (p < 0.05). These
results demonstrated that 250 µg/mL of MLFs could not be used in further experiments.
As shown in Figure 1A–D, 150 µg/mL of MLFs and 0.075% DMSO had no effect on cell
viability after 12, 24, and 48 h (p > 0.05). Therefore, MLFs of 150 µg/mL were selected for
use in further experiments. Interestingly, the MLFs showed an increase in the viability of the
RAW 264.7 cells, maybe due to some immunostimulatory components in the extract from
the medicinal plant [26,27]. LPS, an endotoxin, is a major component of the Gram-negative
bacterial cell wall [4]. It is one of the most extensively used effective stimulators to activate
macrophages and trigger an inflammatory response [28]. Additionally, the cytotoxicity
of LPS was also investigated. As shown in Figure 1E, 1 µg/mL of LPS treatment had no
cytotoxicity on the cells (p > 0.05).
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Figure 1. Cytotoxicity of (A) 30%MLF, (B) 50%MLF, (C) 75%MLF, (D) DMSO, and (E) LPS in RAW
264.7 cells for 12, 24, and 48 h. * p < 0.05 and ** p < 0.01 vs. 0 µg/mL.

2.2. MLFs Decreased Nitric Oxide (NO) and Prostaglandin E2 (PGE2) Production in LPS-Induced
RAW 264.7 Cells

The pathogenesis of inflammation involves inflammatory responses mediated by NO
and PGE2. In this process, the expression of inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) genes increase significantly, which thereby promotes NO and
PGE2 synthesis [29]. Therefore, regulating the overexpression of these mediators will
decrease the damage caused by inflammatory responses. NO is an important indicator of
inflammation that participates in various molecular and biological pathways and plays
a key role in many physiological and pathophysiological processes [30]. To explore the
anti-inflammatory activities of MLFs, we estimated the NO scavenging ability of the MLFs
(Figure 2A). Compared to the control, the NO production was almost six times greater in
the LPS-treated groups (p < 0.01). NO is beneficial in neurological functions and defense
mechanisms; however, excessive NO production has been associated with various disease
complications, especially inflammatory diseases [31]. In this study, MLF pretreatments
led to a significant decrease in NO release compared to the LPS group (p < 0.01), while
30%MLF showed better effects than 50% and 75%MLF (p < 0.05). iNOS can induce a
large amount of NO within a short amount of time [32], thus mediating the occurrence
and development of inflammatory diseases [33]. Therefore, inhibiting iNOS expression is
conducive to reducing NO production. The MLFs significantly decreased the LPS-induced
iNOS mRNA expression in RAW 264.7 cells (p < 0.05), and the 30%MLF treatment showed
a better inhibition of iNOS mRNA expression than the 50%MLF treatment (p > 0.05) and
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75%MLF treatment (p < 0.05) (Figure 2B). Compared with the control group, the LPS
treatment also led to an obvious increase in the PGE2 content and COX-2 expression in
RAW 264.7 cells (p < 0.01) (Figure 2C,D). PGE2 is another inflammatory mediator and
a prostaglandin mainly produced by COX-2, both of which are involved in a series of
physiological and pathological processes [34]. Compared to the LPS group, 30%MLF
markedly lowered PGE2 (p < 0.01) and COX-2 production (p < 0.05), which are closely
associated with oxidative stress (Figure 2C,D), while the 50% and 75%MLF treatments did
not significantly decrease the LPS-induced COX-2 expression (p > 0.05) (Figure 2D). These
results indicated that 30%MLF showed the best inhibition of NO, iNOS, PGE2, and COX-2
production among the three types of MLFs and relieved the anti-inflammatory reactions by
diminishing iNOS and COX-2 to decrease the levels of NO and PGE2. Previous studies have
reported that phenolic compounds contributed to the treatment of chronic inflammatory
diseases related to excessive NO production and are important for restraining PGE2 in
inflammatory tissues [35,36]. These results indicated that 30%MLF has the therapeutic
potential to prevent or treat inflammatory diseases.
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Figure 2. Effects of MLFs on (A) NO, (B) iNOS, (C) PGE2, and (D) COX-2 production in LPS-induced
RAW 264.7 cells. Columns with different superscript letters are significantly different (p < 0.05);
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2.3. MLFs Inhibited Inflammatory Cytokine Secretion in LPS-Induced RAW 264.7 Cells

Inflammatory cytokines are involved in inflammatory responses that directly damage
the vascular endothelium and lead to increased vascular permeability [37]. The mechanism
that controls inflammation suppresses inflammatory cytokines and mediates their produc-
tion and/or function. To verify the anti-inflammatory effects of the MLFs, we examined the
expression of various inflammatory cytokines by using real-time quantitative polymerase
chain reaction (RT-qPCR) and enzyme linked immunosorbent assay (ELISA).

The results revealed that LPS induced NO production. In turn, NO can induce tumor
necrosis factor-α (TNF-α) production, which is a proinflammatory cytokine [38]. LPS
induction considerably increased TNF-α, interleukin-1β (IL-1β), interleukin-6 (IL-6), and
monocyte chemoattractant protein-1 (MCP-1) expression when compared to the control
(p < 0.01) (Figure 3). Compared to the LPS group, 30% and 75%MLF significantly inhib-
ited TNF-α production, especially 30%MLF (p < 0.01) (Figure 3A,E). TNF-α can activate
a cytokine cascade in inflammatory responses and stimulate IL-1β, IL-6, and MCP-1 ex-
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pression [39]. IL-1β is important for the initiation of inflammatory immune responses and
may be a promising therapeutic target for inflammatory diseases [40]. The MLFs greatly
decreased the IL-1β secretion in LPS-induced RAW 264.7 cells, especially 30%MLF (p < 0.01)
(Figure 3B,F). IL-6 is a multifunctional cytokine produced during inflammation [35]. It can
stimulate the production of most acute-phase proteins in inflammatory responses and plays
a critical role in the host defense against invasive infections, thereby directly reflecting the
existence and intensity of inflammation [41]. In this study, 30% and 75%MLF significantly
reduced LPS-induced IL-6 expression (p < 0.01) (Figure 3C,G). As shown in Figure 3F,G,
30%MLF showed a better inhibition of IL-1β and IL-6 production than 50% and 70%MLF
(p < 0.05). The MLFs significantly downregulated LPS-induced MCP-1 expression, espe-
cially 30%MLF (p < 0.01) (Figure 3D), which recruits immune cells to inflammation sites to
regulate the tissue injury, repair, and regeneration [42]. Macrophages stimulated by LPS
result in the release of proinflammatory cytokines (TNF-α, IL-6, and IL-1β); mediators (NO
and PGE2); and enzymes (iNOS and COX-2) [43]. Therefore, inhibiting inflammatory cy-
tokines, mediators, and enzymes is a promising strategy for treating inflammatory diseases.
In this study, 30%MLF effectively inhibited TNF-α, IL-1β, IL-6, and MCP-1 expression
in LPS-induced RAW 264.7 cells. These results indicated that 30%MLF may show better
anti-inflammatory activities than the other two MLFs.
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## p < 0.01 vs. the control group.

2.4. MLFs Inhibited ROS Production in LPS-Induced RAW 264.7 Cells

Inflammation responses are closely related to oxidative stress. For example, the
increased expression of inflammatory factors is often accompanied by excessive mitochon-
drial ROS production [44]. The transmission of inflammatory signals in macrophages is
mediated by ROS, signaling molecules closely related to the host defense responses, gene
transcription, and apoptosis [45], which results in the hyperactivation of inflammatory
responses, leading to tissue damage and excessive ROS production, and related species
may cause oxidative stress phenomena [46]. Oxidative stress and inflammatory responses
are important factors in several human diseases, which lead to a vicious cycle [47,48].
Therefore, we assessed the level of ROS in LPS-induced RAW 264.7 cells. Compared to the
blank control, the LPS treatment significantly increased the ROS level in RAW 264.7 cells
(Figure 4). However, less fluorescence was observed in the cells treated with the MLFs,
indicating that the ROS level was inhibited. Previous research has shown that an MLE
(40% ethanol and hydroalcohol extracts mixed together) exhibited antioxidant potential by
inhibiting resistin-induced ROS production, fractaline, and P-selectin expression in human
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endothelial cells [49]. In this study, the MLFs strongly inhibited the total ROS and acted as
potential antioxidants.
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2.5. Antioxidant Activities of the MLFs

To evaluate the antioxidant activities of the MLFs, the DPPH radical scavenging ac-
tivity, metal ion chelating activity, and reducing power were determined. Free radicals,
together with other oxygen derivatives, are byproducts of biological redox reactions, which
are related to certain diseases, such as diabetes, liver cirrhosis, nephrotoxicity, and can-
cer [50]. DPPH is a stable free radical that is widely used to evaluate the antioxidant
activity of different compounds [51]. In this study, 30% (12.57 ± 0.90 µg/mL) and 50%MLF
(12.35 ± 0.55 µg/mL) exhibited a lower IC50 for DPPH radical scavenging activity, but no
significant difference between 30% and 50%MLF was detected (Table 1). Compounds with
a lower IC50 have a higher DPPH scavenging activity. It was reported that flavonoids are
the main components of most plants and have antioxidant and free radical scavenging
activities [52]. Our results indicated that 30% and 50%MLF were powerful free radical
scavengers. Additionally, ferrous iron (Fe2+), the most effective oxidant associated with
food systems, can be removed by chelating agents, which prevent oxidative stress-induced
diseases [53]. Therefore, this experiment tested the ability of the MLFs to chelate Fe2+ by
competing with another chelating agent, potassium ferricyanide. The results revealed
that 30%MLF had the lowest IC50 (310.56 ± 9.72 µg/mL) for chelating activity among the
three types of MLFs (p < 0.05) (Table 1). Previous studies also proved that the antioxidant
capacity is related to the reducing capacity [51,54,55]. In this study, the three MLFs had
a certain degree of reducing power and potential antioxidant activity. Moreover, the re-
ducing power of 30%MLF (41.69%) was higher than 50% (38.95%) (p > 0.05) and 75%MLF
(31.11%) (p < 0.05) (Table 1). Therefore, we concluded that the MLFs exhibited free radical
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scavenging effects on DPPH, had a stronger Fe2+-chelating ability, and had better reducing
power assays. Collectively, these results indicated that the MLFs are primary antioxidants.

Table 1. Antioxidative activities of the MLFs.

MLF
IC50

1 (µg/mL)
Reducing Power (%)

DPPH Scavenge Chelating Activity

30%MLF 12.57 ± 0.90 b 310.56 ± 9.72 c 41.69 ± 2.41 b

50%MLF 12.35 ± 0.55 b 389.83 ± 14.14 b 38.95 ± 0.45 b

75%MLF 19.53 ± 1.16 a 482.19 ± 34.74 a 31.11 ± 0.39 c

Vitamin C 6.01 ± 0.50 c 100.00 ± 0.06 a

EDTA 1.72 ± 0.27 d

Each value shows the mean ± SD (n = 3). Means with different lowercase letters within the same column
denote significant differences (p < 0.05). Positive controls: ethylenediaminetetraacetic acid (EDTA) and vitamin C.
IC50

1 represents the concentration of the MLFs scavenging 50% of the free radical and chelating 50% of Fe2+.

2.6. TFC of the MLFs

We tested and compared the total content of the three types of MLFs. The results
revealed that 30%MLF had the highest TFC purity (72.89%), while 75%MLF had the
lowest (55.12%) (Table 2). Owing to the varying polarities of flavonoids, the selection
of the extraction solvent is a critical step for extracting the maximum quantity of active
constituents [56]. Our results indicated that 30% ethanol may be a better concentration
for eluting MLFs with a higher flavonoid content. The types of MLFs obtained in this
study are shown in Table S1, which are consistent with previously reported constituents in
MLFs [17,18].

Table 2. Analysis of the total flavonoid content (TFC) of the MLFs.

MLF TFC (%)

30%MLF 72.89 ± 0.18 a

50%MLF 61.84 ± 0.04 b

75%MLF 55.12 ± 0.50 c

Each value shows the mean ± SD (n = 3). Means with different lowercase letters within the same column denote
significant differences (p < 0.05).

2.7. Differential Flavonoids between the MLFs

The studies described above showed that 30%MLF exerted better antioxidant and anti-
inflammatory effects. Therefore, we tested the differential flavonoids between the MLFs. A
nontargeted metabolomic analysis was performed to detect the differences in flavonoids
among the MLFs. After the peak alignment and the removal of the even m/z ions, a total
of 1164 ions were obtained. Through a principal component analysis (PCA) of 1164 ions,
we found that the MLFs eluted with 30%, 50%, and 75% ethanol divided into three groups
(Figure 5A), indicating that the types of flavonoids eluted with different ethanol concen-
trations were significantly different. The differences in flavonoids among the MLFs were
further investigated by a partial least-squares discriminant analysis (PLS-DA). The results
revealed that the samples also divided into three groups (Figure 5B); thus, the PLS-DA
model was reliable by cross-validation (Figure 5C). The differential compounds are shown
in Figure 5D. A total of 237 ions (variable importance in the projection, VIP > 1) were
screened as the differential compounds, and finally, 24 differential flavonoids were identi-
fied by comparing the accurate mass and tandem MS spectra with the HMDB database,
which mainly consisted of quercetin and kaempferol glycosides (Table 3). Among them,
four flavonoids were identified based on the authentic standards.
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Table 3. Different flavonoids putatively identified among the MLFs.

Compound Name Retention
Time/min

Detected Mass
(ESI+) Ion Types MS/MS Fragments

Butin 21.76 273.0755 M + H 137, 81
Loureirin B 20.88 317.1382 M + H 299, 167, 149, 121

Kaempferol a 22.32 287.0548 M + H 287, 153, 135, 107
Kaempferol 3-(6”-malonylglucoside) 22.88 535.1085 M + H 287
Kaempferol 3-O-diglucoside isomer 1 10.27 611.1606 M + H 449, 287
Kaempferol 3-O-diglucoside isomer 2 10.84 611.1616 M + H 449, 287
Kaempferol 3-O-diglucoside isomer 3 8.68 611.1622 M + H 449, 287
Kaempferol 3-O-diglucoside isomer 4 13.14 611.1626 M + H 449, 287

Kaempferol 3-O-diglucoside 5 15.42 633.1445 M + Na 633, 347
Kaempferol 3-O-dirhamnosylglucoside 17.66 741.2248 M + H 595, 449, 287
Kaempferol 3-O-rhamnosyldiglucoside 12.3 795.1751 M + H 644

Kaempferol 3-O-rhamnosyldiglucoside isomer 1 8.644 757.2204 M + H 611, 449, 287
Kaempferol 3-O-rhamnosyldiglucoside isomer 2 10.58 757.2208 M + H 611, 449, 287

Kaempferol 3-O-rutinoside 1 21.82 595.1658 M + H 449, 287
Kaempferol-3-O-glucoside a 17.47 449.1077 M + H 287

Quercetin a 14.65 303.0496 M + H 257, 229, 165, 153, 137
Quercetin 3-O-dirhamnosylglucoside isomer 1 12.28 757.219 M + H 611, 465, 303
Quercetin 3-O-dirhamnosylglucoside isomer 2 11.76 757.2207 M + H 611, 465, 303

Quercetin 3-O-rhamnosyldiglucoside 3 9.07 773.2145 M + H 627, 465, 303
Quercetin-3-O-rutinoside isomer 1 12.57 611.1608 M + H 611, 465, 303
Quercetin-3-O-rutinoside isomer 2 14.99 611.1614 M + H 465, 303
Quercetin-3-O-rutinoside isomer 3 11.73 611.1621 M + H 465, 303

Quercetin-diglucoside 4 8.86 627.1575 M + H 465, 303
Quercetin-3-O-glucoside a 10.84 465.1026 M + H 303, 153, 149

a Confirmed by the authentic standards.

Chemically, flavonoids are comprised of two aromatic rings, A and B, which are linked
by a heterocyclic ring, identified as ring C [57,58]. Flavonoids have been classified into
different subclasses based on the oxidation and degree of unsaturation of ring C, as well
as the connection position of ring B [59]. The subclasses of flavonoids include flavonols,
flavones, flavanols, flavanones, isoflavones, and anthocyanidins. A previous investigation
indicated that flavonols are the most abundant flavonoids found in food [60]. MLFs
contain a large amount of flavonol derivatives, mainly glycosylated forms of quercetin and
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kaempferol, which have high antioxidative activities [61,62]. We found that the contents
of quercetin and kaempferol glycosides in 30%MLF were greater than 50% and 75%MLF
(Figure 6). The solvent selection is important for flavonoid extraction, which determines the
quantitative and qualitative components of these compounds to a certain extent; the TFC
and antioxidant capacities in the same plant may widely vary depending on the extraction
method and conditions [63]. Our results indicated that quercetin, kaempferol, and their
derivatives in 30%MLF may be the main flavonoids involved in anti-inflammatory and
antioxidative activities when compared to 50% and 75%MLF. Moreover, using 30% ethanol
to elute MLFs may more effectively obtain compounds that have anti-inflammatory and
antioxidative capacities.
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At the molecular level, kaempferol regulates many key elements in the cell signal
transduction pathways related to inflammation [63]. A previous study found that a diet
high in flavonols (especially kaempferol) was associated with decreased levels of the
inflammatory cytokine IL-6 [64]. Quercetin is one of the most abundant flavonoids found
in nature, which usually exists in the form of glycoside and displays inflammatory and
antioxidant effects [65]. Mulberry leaves have a high quercetin content, which can reduce
the oxidation process in vivo and in vitro [66]. Quercetin 3-(6malonylglucoside) is the most
important flavonoid with antioxidant potential found in mulberry leaves [18,67]. It has
been reported that kaempferol and quercetin inhibit iNOS mRNA and protein expression,
as well as NO production in LPS-induced J774 and RAW 264.7 cells, which thereby reduce
the inflammatory response [68,69]. Additionally, a separate study found that kaempferol
treatment can relieve diabetic neuropathic pain induced by the intraperitoneal injection of
streptozotocin in Swiss mice by decreasing the inflammatory mediators (NO, IL-1β, and
TNF-α) and oxidative stress (GSH and MDA production) [70]. M. nigra leaves have higher
phenolic compound contents and antioxidant activity than the pulps, which are measured
by neutralizing the DPPH radicals [71]. A previous study showed that nine flavonoids,
including kaempferol, quercetin, and their derivatives, isolated from mulberry leaves
exhibited significant radical scavenging effects [72]. The compounds identified in 30%MLF
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in this study may possess the main anti-inflammatory and antioxidative capacities, which
is similar to the results of previous studies.

2.8. Treatment with 30%MLF Alleviated the Symptoms of DSS-Induced UC in Mice

The studies described above indicated that 30%MLF exhibited better anti-inflammatory
and antioxidant activities and higher TFC than 50% and 75%MLF. Therefore, we explored
the pharmacological properties of 30%MLF in DSS-induced colitis mice.

Figure 7 shows the body weight change, food intake, disease activity index (DAI),
colon length, and spleen index of mice. As expected, mice treated with DSS presented
symptoms such as the loss of body weight, decreased food intake, diarrhea, and bloody
stools, indicating that the colitis model was successfully induced by 3% DSS.
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(p < 0.05).

Body weight loss is related to disease severity in DSS-induced colitis model mice [73].
As shown in Figure 7A, the body weight of the DSS group began to decrease on the fourth
day after being induced by DSS. By the end of the experiment, DSS supplementation
resulted in a body weight decrease of nearly 25% compared to the control group (p < 0.05).
The food intake of mice in the DSS group also declined compared to the control group
(p < 0.05, Figure 7B), while the 30%MLF treatment (30%MLF + DSS group) significantly
reduced these trends (p < 0.05, Figure 7A,B).

The DAI scores demonstrated the development of colitis [74]. Figure 7C displays
the DAI scores of the different groups. As expected, the DAI scores of the DSS group
increased gradually and were much higher compared to the control group during the DSS
intervention (p < 0.05). In addition, the ingestion of 30%MLF (the 30%MLF + DSS group)
delayed the elevation of the DAI compared to the DSS group (p < 0.05). These results
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indicated that 30%MLF supplementation could alleviate the loss of body weight, diarrhea,
and the severity of fecal blood of DSS-induced UC in mice.

Colon shortening is another typical indicator of colitis severity [75]. As shown in
Figure 7D,E, the colon lengths of the DSS group were significantly shorter compared to the
control group. In contrast, the 30%MLF treatment (30%MLF + DSS group) significantly
prevented colon shortening (p < 0.05). In addition, the spleen is one of the major immune
organs of human body, and spleen hypertrophy is related to DSS-induced colitis [76].
Therefore, the spleen index was also tested. As shown in Figure 7F, the administration of
30%MLF (30%MLF + DSS group) also significantly alleviated DSS-induced spleen edema
(p < 0.05).

The above results indicated that the 30%MLF treatment could mitigate these symptoms
of DSS-induce colitis in mice.

2.9. Treatment with 30%MLF Relieved the Morphological Damage Caused by DSS-Induced UC
in Mice

The histopathological injuries of mice colon tissues from different groups were de-
tected using hematoxylin and eosin (H&E). As shown in Figure 8A, the colon tissues from
the DSS group had the typical pathological characteristics of colitis, including the infiltra-
tion of inflammatory cells, damaged glands, the loss of crypts, and colonic mucosa erosion.
In addition, the histological scores of these mice were nearly 12 times greater than those of
the control group (p < 0.05, Figure 8B). These changes in the colon tissues obtained from the
DSS group mice further demonstrated that 3% DSS treatments could successfully establish
a mice colitis model. Under DSS administration accompanied by 30%MLF treatment, the
colon tissues exhibited relatively intact intestinal mucosa and glands, low infiltration of the
inflammatory cells, and little crypt damage. The histological scores of the 30%MLF + DSS
group were significantly lower than those of the DSS group (p < 0.05, Figure 8B).
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Figure 8. Effect of 30%MLF on the colonic pathological damage in mice with DSS-induced ulcerative
colitis. (A) Representative images showing colon pathologic damages with H&E staining, where
Cr indicates the crypt, and arrows indicate inflammatory cell infiltration. (B) Histological scores of
colons. Data are presented as the means ± SD (n = 6). Columns with different superscript letters are
significantly different (p < 0.05).

Dodda et al. [77] reported that quercetin might show good potential in suppressing
acetic acid-induced IBD by ameliorating the alteration of the colon morphological pa-
rameters. Hong et al. [78] reported that supplementation with quercetin aglycone and
quercetin aglycone with monoglycosides, even at a low dose, could alleviate the histolog-
ical status (scattered villi and neutrophil infiltration) in DSS-induced colitis. The results
shown in Figure 8 indicate that the 30%MLF treatment had a protective effect on the
colon injury induced by DSS, and the mechanism of this effect might be associated with
anti-inflammatory activity.
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2.10. Treatment with 30%MLF Reduced Inflammatory Cytokine Secretion of DSS-Induced UC
in Mice

Inflammation is a major feature of colitis, and the proinflammatory cytokines (TNF-
α, IL-1β, and IL-6) are involved in the development and pathogenesis of UC [79]. The
increased secretion of proinflammatory cytokines causes colon damage during colitis [80].
Therefore, inhibiting these proinflammatory cytokines could mitigate UC in mice. In this
study, the content of inflammatory cytokines TNF-α, IL-1β, and IL-6 in colon tissues was
analyzed using the corresponding ELISA kit. Compared to the mice in the control group,
there was a significant increase in TNF-α and IL-1β secretion in the DSS group (p < 0.05,
Figure 9A,B). This effect might aggravate the inflammatory response in the intestine [76].
Importantly, TNF-α and IL-1β can promote neutrophil infiltration or increase the intestinal
permeability. These effects led to diarrhea. The DSS also increased IL-6 secretion (p < 0.05,
Figure 9C), which may have activated Th17 cells to secrete inflammatory cytokines and
cause colitis in mice [76].
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Figure 9. Effects of 30%MLF on the inflammatory cytokine secretion of mice with DSS-induced
ulcerative colitis. (A) TNF-α, (B) IL-1β, and (C) IL-6 production in colon tissue was measured by
ELISA. Data are presented as the means ± SD (n = 3). Columns with different superscript letters are
significantly different (p < 0.05).

However, TNF-α, IL-1β, and IL-6 secretion was remarkably inhibited in the 30%MLF + DSS
group compared with the DSS group (p < 0.05, Figure 9). Previous studies reported that flavonoids
might mitigate colitis through prohibiting the secretion of inflammatory cytokines. For example,
a naringenin pretreatment could decrease TNF-α, IL-1β, and IL-6 in acetic acid-induced UC in
mice [81]. Troxerutin, a kind of flavonoid, can alleviate DSS-induced colitis in mice by inhibiting
TNF-α, IL-1β, and IL-6 in the colon tissue [82]. Lin et al. [83] reported that dietary quercetin
could suppress the production of proinflammatory cytokines (TNF-α and IL-6) in Citrobacter
rodentium-induced colitis mice. Therefore, the results in this study may indicate that 30%MLF
alleviated the inflammatory response by inhibiting the levels of the proinflammatory mediators
and finally regulating DSS-induced colitis in mice.

2.11. Treatment with 30%MLF Inhibited the Toll-like Receptor 4 (TLR4)/Myeloid Differentiation
Factor 88 (MyD88) Pathway Activation of DSS-Induced UC in Mice

The release of proinflammatory cytokines will be caused by the activation of the
TLR4/MyD88 signaling pathway [84]. TLR4/MyD88, a classic inflammatory pathway, is
activated in mice with IBD [85,86]. Therefore, the expression of TLR4 and MyD88 were
detected by an immunohistochemical analysis in the present study. TLR4 is a key trans-
membrane protein that mediates the immune response by recognizing molecules derived
from pathogens and endogenous host-derived molecules [85]. MyD88, a central regulator
of innate immunity, is the downstream regulator of the Toll-like receptors (TLRs) [87]. As
expected, the DSS treatment increased the TLR4 and MyD88 expression compared to the
control group (p < 0.05, Figure 10). However, the TLR4 and MyD88 expression levels of the
30%MLF + DSS group mice were significantly decreased in comparison with those of the
DSS group (p < 0.05). A previous study reported that the detection of TLR4 and MyD88 in
intestinal mesenchymal cells (IMCs) led to a significant reduction of intestinal tumors [87].
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Therefore, 30%MLF may alleviate DSS-induced colitis through inhibiting the activation of
the TLR4/MyD88 pathways.
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Figure 10. Effects of 30%MLF on the immunohistochemical analysis of (A,B) TLR4 and (C,D) MyD88
in the colon tissue of mice in DSS-induced UC. The average positive area from three randomly selected
regions was calculated using Image-Pro Plus 6.0 software. Data are presented as the means ± SD
(n = 3). Columns with different superscript letters are significantly different (p < 0.05).

3. Materials and Methods
3.1. MLF Extraction

Hongguo2 (Morus atropurpurea), a widely cultivated mulberry fruit tree in Northwest
China, was bred by the Institute of Sericulture and Silk, Northwest A&F University. The
leaves of Hongguo2 used in this study were authenticated and supplied by this insti-
tute. The extraction process followed previously described methods with minor modifica-
tions [24,88]. Fresh mulberry leaves without disease or insect pests were picked from plants
in the same leaf position. Briefly, the dried and powdered whole plant (500 g) samples were
refluxed with 85% ethanol three times. For the first extraction, the sample had a solvent
ratio of 1:15 for 2.5 h. The second extraction was performed with a solid-to-liquid ratio of
1:10 for 2 h. The third extraction had a solid-to-liquid ratio of 1:8 for 1.5 h. The three drug
solutions were combined and concentrated under reduced pressure, then left overnight
and filtered. Next, the filtrate passed through processed AB-8 macroporous adsorption
resin (Sunresin, Xi’an, China) and was washed with water. Then, the sample was eluted
in a 30%, 50%, and 75% ethanol sequence to obtain three drug solutions. The solutions
were vacuum-concentrated to remove the ethanol and freeze-dried to obtain three MLFs,
named 30%MLF (4.29 g), 50%MLF (4.00 g), and 75%MLF (5.29 g). All extracts were stored
at −20 ◦C for further analysis.

3.2. Cell Cultures

RAW 264.7 cells of a mouse macrophage cell line were purchased from the National
Collection of Authenticated Cell Cultures (Shanghai, China). These are important in-
flammatory cells that play a critical role in the initiation and process of inflammatory
responses. RAW 264.7 cells were cultured in high-glucose Dulbecco’s modified Eagle’s
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medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 10% FBS (Gibco,
Grand Island, NY, USA), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco, Grand
Island, NY, USA) in a humidified incubator containing 5% CO2 at 37 ◦C.

3.3. Cell Viability Assay

The analytical method was modified according to previous studies [89]. The effects
of the samples on the viability of RAW 264.7 macrophages were measured using the
CCK-8 Cell Proliferation and Cytotoxicity Assay Kit (CA1210; Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China). After overnight culturing in a 96-well plate
(2 × 104 cells/well), the cells were treated with various MLF concentrations (0, 5, 50, 150,
and 250 µg/mL), which were dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA)
for 12, 24, and 48 h. According to the manufacturer’s instructions, a 10 µL CCK-8 solution
was added to each well and incubated at 37 ◦C for 3 h. The absorbance was measured by a
microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) at 450 nm. Each sample
had three replicates.

3.4. NO Production Assay

The analytical method was modified according to previous reports [89]. NO pro-
duction was determined using a commercial NO assay kit (S0021S; Beyotime Institute of
Biotechnology, Shanghai, China). Briefly, RAW 264.7 macrophages (1× 105 cells/well) were
plated onto 24-well plates and pretreated with MLFs (the concentration was based on the
cell viability assay results) for 12 h prior to stimulation with 1 µg/mL LPS (Escherichia coli
O111:B4; Sigma-Aldrich, St. Louis, MO, USA) for 12 h. The culture supernatant from each
well was collected and used to measure the NO production. Following the manufacturer’s
instructions, 50 µL of the supernatant were mixed with an equal volume of Griess reagents
I and II and reacted in a 96-well plate at room temperature for 10 min. The absorbance was
measured at 540 nm on a microplate reader. Each sample had three replicates.

3.5. ROS Level Detection

The analytical method was modified from previously described methods [89]. The
intracellular ROS level was determined using a ROS Assay Kit (S0033S; Beyotime Institute
of Biotechnology, Shanghai, China). RAW 264.7 macrophages (5 × 105 cells/well) were
plated onto 6-well plates and pretreated with MLFs (the concentration was based on the
cell viability assay results) for 12 h prior to stimulation with 1 µg/mL LPS for 12 h. Briefly,
the cell culture medium was replaced with 10 µmol/L DCFH-DA and incubated at 37 ◦C
for 20 min in the dark. Then, the extracellular DCFH-DA was removed and washed three
times with a serum-free medium. Microscopic photographs were obtained in a random
way using a digital camera.

3.6. ELISA Test

The analytical method was modified from previously described methods [44]. The
secretion levels of PGE2, TNF-α, IL-1β, and IL-6 in LPS-induced RAW 264.7 cells were
measured using an ELISA kit (Fankewei, Shanghai, China). After overnight culturing in a
24-well plate (1× 105 cells/well), RAW 264.7 macrophages cells were pretreated with MLFs
(the concentration was based on the cell viability assay results) for 12 h. Then, 1 µg/mL
LPS was added, and the reaction proceeded for another 12 h. The supernatants were
collected from the medium after centrifugation and used to measure the PGE2, TNF-α,
IL-1β, and IL-6 concentrations following the manufacturer’s instructions. The colon tissues
of mice were homogenized with phosphate-buffered saline (PBS, Servicebio Technology
Co., Ltd., Wuhan, China) under low temperatures and then centrifuged at 5000× g for
5 min to collect the supernatant. The levels of TNF-α, IL-1β, and IL-6 were tested using the
ELISA assay following the manufacturer’s instructions. The ELISA kits were purchased
from MultiSciences (MultiSciences Biotech Co., Ltd., Hangzhou, China). Each sample had
three replicates.
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3.7. RNA Extraction and RT-qPCR

The total RNA of the RAW 264.7 cells was extracted using a Trizol reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions. The RNA purity was
determined with an absorption ratio (A260nm/A280nm) between 1.8 and 2.0. The RNA was
reverse-transcribed into cDNA using a commercial kit (Vazyme, Nanjing, China). The
primers were synthesized by the Sangon Biotech Co., Ltd. (Shanghai, China). RT-qPCR
was performed using the ChamQ SYBR qPCR Master Mix (Vazyme, Nanjing, China) in a
Roche LightCycler 96 system (Roche, Basel, Switzerland). The PCR analysis was amplified
as follows: 95 ◦C for 30 s, 40 cycles at 95 ◦C for 10 s, and 60 ◦C for 30 s. The analysis of the
dissolution curve was as follows: 95 ◦C for 15 s, 60 ◦C for 60 s, and 95 ◦C for 15 s. GAPDH
was used for normalization. The data were calculated using the 2−44Ct method [44]. The
specific primer sequences for all the genes are listed in Table 4. Each sample was run in
triplicate wells.

Table 4. Primer sequences used in RT-qPCR.

Genes Primer Sequences (from 5′ to 3′)

TNF-α Forward CCACGCTCTTCTGTCTACTG
Reverse ACTTGGTGGTTTGCTACGAC

IL-1β Forward CCAACAAGTGATATTCTCCATGAG
Reverse ACTCTGCAGACTCAAACTCCA

IL-6 Forward CTCTGCAAGAGACTTCCATCC
Reverse GAATTGCCATTGCACAACTC

iNOS Forward TTTCCAGAAGCAGAATGTGACC
Reverse AACACCACTTTCACCAAGACTC

COX-2 Forward GAAATATCAGGTCATTGGTGGAG
Reverse GTTTGGAATAGTTGCTCATCAC

MCP-1 Forward AAGAAGCTGTAGTTTTTGTCACCA
Reverse TGAAGACCTTAGGGCAGATGC

HO-1 Forward ACATTGAGCTGTTTGAGGAG
Reverse TACATGGCATAAATTCCCACTG

GAPDH Forward GAGAAACCTGCCAAGTATGATGAC
Reverse TAGCCGTATTCATTGTCATACCAG

3.8. Chemical Assays of Antioxidant Activity
3.8.1. DPPH Radical Scavenging Activity

The analytical method was modified from previously described methods [90]. Dif-
ferent MLF concentrations (1 mL) were mixed with 1 mL 0.004% DPPH/ethanol solution
and 1 mL ethanol. Afterward, the mixtures were incubated in the dark for 30 min. The
absorbance was measured at 517 nm. The DPPH radical scavenging activity was calculated
using the following equation:

DPPH scavenging activity (%) = [1 − (A2 − A1)/A0] × 100

where A2 is the absorbance value of the MLFs, A1 is the control group (95% ethanol instead
of DPPH solution), and A0 is the blank group (distilled water instead of MLF).

3.8.2. Metal Ion Chelating Activity Assay

The analytical method was modified from previously described methods [53]. Dif-
ferent MLF concentrations (1 mL) were mixed with FeCl2 (0.01 mL; 2 mmol/L) and fer-
rozine (0.04 mL; 5 mmol/L). The mixtures were allowed to stand for 10 min at 25 ◦C.
The absorbance was measured at 562 nm. The chelating activity was calculated using the
following equation:

Chelating activity (%) = [1 − (A2 − A1)/A0] × 100
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where A0 and A2 are the absorbance of the control (distilled water) and MLF solution,
respectively, and A1 is the absorbance of the sample under identical A2 conditions (distilled
water instead of FeCl2).

3.8.3. Assessment of Reducing Power

The analytical method was modified from previously described methods [91]. Differ-
ent MLF concentrations (2.5 mL) were combined with 2.5 mL phosphate-buffered saline
(0.2 mol/L, pH = 6.6) and 2.5 mL 1% (w/v) K3Fe(CN)6 solution. Then, the mixture was
incubated in a water bath at 50 ◦C for 20 min. Afterwards, 1 mL of 10% (w/v) TCA solution
was added, and the mixture was centrifuged at 3000 rpm for 10 min. Then, 1 mL of the
upper layer was mixed with 1 mL distilled water and 0.2 mL 0.1% (w/v) FeCl3 solution.
The absorbance was measured at 700 nm. The reducing power was calculated using the
following equation:

Reducing power (%) = (A1/A0) × 100

where A0 and A1 are the absorbance of vitamin C and MLFs, respectively.

3.9. TFC Measurement

The TFC was measured following previously described methods with minor modifica-
tions [92]. Briefly, the MLFs were mixed with 1 mL 5% NaNO2 solution for 6 min, and then
1 mL of 10% Al (NO3)3 solution was added for 6 min. Subsequently, 10 mL of 4% NaOH
solution was mixed with the reaction solution. The absorbance was measured at 510 nm
using rutin as the standard.

3.10. MLF Sample Preparation and Liquid Chromatography-Mass Spectrometry (LC-MS) Conditions

The MLFs (0.05 g) were mixed with 10 mL of 80% methanol–water solution (v/v)
in a 50-mL centrifuge tube and placed in a water bath at 70 ◦C for 30 min. Then, the
samples were filtered through 0.22-µm membranes (Millipore, Billerica, MA, USA) into
a glass bottle for the LC-MS analysis. Each sample had three replicates. Quality control
(QC) samples were prepared by mixing 100 µL of three types of MLFs to evaluate the
stability and reproducibility of the metabolomics analysis. Simply, it was connected to
a quadrupole-time-of-flight (QTOF) MS (X500R; AB Sciex Co., Framingham, MA, USA)
with an ultra-high-performance LC system (ExionLC, AB Sciex Co., Framingham, MA,
USA). Samples were separated by a Zorbax Eclipse Plus C18 column (150 × 2.1 mm,
3.5 µm; Agilent Technologies, Little Falls, DE, USA). The mobile phase consisted of solvent
A (water containing 0.1% formic acid, v/v) and solvent B (methanol) at a flow rate of
0.4 mL/min as follows: 10–15% B (0–4 min), 25–32% B (7–9 min), 40–55% B (16–22 min),
95% B (28–30 min), and 10% B (31–35 min). The injection volume was 10 µL. The parameters
of electrospray ionization (ESI) were in positive ionization mode, and the Information
Dependent Acquisition (IDA) method used ion source gases 1 and 2 at 50 psi. The CAD
gas was set to 7 psi. The spray voltage, collision energy, and de-clustering voltage were
5500, 10, and 70 V, respectively. The mass scan range was 100–1000 Da.

3.11. Induction of Colitis and Treatment

Forty male 8-week-old C57BL/6J mice (20 ± 2 g) were purchased from Beijing HFK
Bioscience Co., Ltd. (Beijing, China). All mice were freely provided with basic feed and
distilled water. Before the animal experiments, all mice were acclimated for 7 days in
an experimental animal laboratory. The mice were housed in a standard animal room
at a controlled temperature (20 ± 5 ◦C) and constant humidity (40%–60%) under a 12-h
light/12-h dark cycle. The experiment was approved by the Institutional Animal Care and
Use Committee of the Northwest A&F University under permit number DK2022062.

In the experiments, 3% (w/v) DSS (36–50 kDa, MP Biomedicals, Santa Ana, CA, USA)
was used to establish the mice UC model. All mice were randomly grouped as follows
(n = 10): control group, DSS group, 30%MLF + DSS group, and 30%MLF group. The control
and 30%MLF group mice were given distilled water, while the DSS and 30%MLF + DSS



Int. J. Mol. Sci. 2022, 23, 7694 17 of 22

mice groups were given distilled water containing 3% DSS from the 4th to the 10th day for
7 days. The mice from the 30%MLF + DSS and 30%MLF groups were orally administered
500 mg/kg/d 30%MLF, while mice from the control and DSS groups received equal
volumes of distilled water from the 1st day to the 10th day once a day. The experimental
procedure is illustrated in Figure 11.
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3.12. Assessment of DAI

The DAI assessment method was modified from previously described methods [93].
During the experiments, the mice were examined daily for body weight, stool consistency,
and hematochezia in order to assess the colitis DAI. The standards for DAI were described
in previous research [93]. The detailed method is shown in Table S2.

3.13. Histological Analysis

The H&E method was modified from previously described methods [94]. A section
of colon was cleaned with normal saline and fixed in 4% paraformaldehyde, followed by
embedding, sectioning, and finally staining with H&E. The stained samples were observed
and photographed using a microscope (Olympus, Tokyo, Japan). The criteria for the colon
histopathological scores were based on a previous study with a slight modification [94].
The detailed method is displayed in Table S3.

3.14. Immunohistochemical Staining

The method used for the immunohistochemical analysis was modified from previously
described methods [95]. Briefly, the sectioned tissues were deparaffinized, rehydrated, and
incubated with bovine serum albumin (BSA, 5%, Biosharp, Hefei, China) for 30 min. Then,
the slices were incubated with specific primary antibodies for TLR4 (Bioss Antibodies, Bei-
jing, China) and MyD88 (Boster Biological Technology Co. Ltd., Wuhan, China) at 4 ◦C
overnight. After being washed three times with PBS, the sections were incubated with a
secondary antibody (Servicebio Technology Co., Ltd. Wuhan, China) for 30 min. The slices
were treated with diaminobenzidine (DAB; Servicebio Technology Co., Ltd., Wuhan, China),
counterstained with hematoxylin, and visualized with a microscope (Olympus, Tokyo, Japan).
For immunohistochemical staining, the average integrated positive area from three randomly
selected regions was calculated using Image-Pro Plus 6.0 software (Media Cybernetics, Inc.,
Bethesda, MD, USA).

3.15. Data Treatment and Statistical Analysis

The LC-MS data were processed by using Markview software (AB Sciex, Framingham,
MA, USA). The minimum and maximum retention times were set as 2 and 29 min, respec-
tively. The retention time tolerance was set as 0.1 min, and the mass tolerance was set as
5 ppm.
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A PCA and PLS-DA were performed using the Pareto scale (centered on the mean
and divided by the square root of the standard deviation) using Simca-P v11.5 (Umetrics
AB, Umeå, Sweden). A cluster analysis of the identified metabolites was performed after
automatic scaling using MultiExperiment Viewer v4.9.0 (centered on the mean and divided
by the square root of the standard deviation). The metabolites were clustered according to
Pearson’s correlation.

The statistical analysis was conducted using SPSS v23.0 software (IBM Corporation,
Armonk, NY, USA). All data were presented as the mean± standard deviation. A Student’s
t-test was used to determine the statistical significance. A p-value < 0.05 was considered
statistically significant.

4. Conclusions

In the present study, the MLFs restrained NO and PGE2 production by decreasing the
iNOS and COX-2 levels, as well as reduced the TNF-α, IL-1β, IL-6, and MCP-1 expression
in LPS-induced RAW 264.7 macrophages. Compared to the LPS group, the fluorescence
images showed that ROS were suppressed when treated with the MLFs. Moreover, the
MLFs showed strong antioxidant properties based on the scavenging of DPPH free radicals,
metal ion chelating activity, and the reducing power analysis. Among the MLFs, 30%MLF
showed the greatest anti-inflammatory and antioxidant activities, the highest TFC, and
had a high content of differential flavonoids, mainly containing quercetin, kaempferol, and
their derivatives. Collectively, these results indicated that more flavonoids and the effective
components of mulberry leaves could be obtained using a 30% alcohol concentration. In
addition, the 30%MLF showed a protective effect in colitis mice induced by DSS. The
30%MLF treatment could mitigate the loss of body weight, decreased food intake, increased
DAI, colon shorting, spleen edema, and colon damage in UC mice. More importantly, the
30%MLF treatment also effectively inhibited TNF-α, IL-1β, and IL-6 production and the
activation of the TLR4/MyD88 pathway in UC mice. These results suggested that 30%MLF
might be a potential agent to relieve UC.
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15. Čulenová, M.; Sychrová, A.; Hassan, S.T.S.; Berchová-Bímová, K.; Svobodová, P.; Helclová, A.; Michnová, H.; Hošek, J.; Vasilev, H.;
Suchý, P.; et al. Multiple In Vitro Biological Effects of Phenolic Compounds from Morus Alba Root Bark. J. Ethnopharmacol. 2020,
248, 112296. [CrossRef]

16. Ma, G.; Chai, X.; Hou, G.; Zhao, F.; Meng, Q. Phytochemistry, Bioactivities and Future Prospects of Mulberry Leaves: A Review.
Food Chem. 2022, 372, 131335. [CrossRef]

17. Gryn-Rynko, A.; Bazylak, G.; Olszewska-Slonina, D. New Potential Phytotherapeutics Obtained from White Mulberry (Morus
Alba L.) Leaves. Biomed. Pharmacother. 2016, 84, 628–636. [CrossRef]

18. Katsube, T.; Imawaka, N.; Kawano, Y.; Yamazaki, Y.; Shiwaku, K.; Yamane, Y. Antioxidant Flavonol Glycosides in Mulberry
(Morus Alba L.) Leaves Isolated Based on LDL Antioxidant Activity. Food Chem. 2006, 97, 25–31. [CrossRef]

19. Kim, G.-N.; Jang, H.-D. Flavonol Content in the Water Extract of the Mulberry (Morus Alba L.) Leaf and Their Antioxidant
Capacities. J. Food Sci. 2011, 76, C869–C873. [CrossRef]

20. Park, S.-K.; Wong, Z.; Park, S.H.; Vu, K.V.; Bang, K.B.; Piyachaturawat, P.; Myint, T.; Hilmi, I.; Park, D.-I. Extraintestinal
Manifestation of Inflammatory Bowel Disease in Asian Patients: A Multinational Study. Dig. Liver Dis. 2021, 53, 196–201.
[CrossRef]

21. Chang, K.-W.; Kuo, C.-Y. 6-Gingerol Modulates Proinflammatory Responses in Dextran Sodium Sulfate (DSS)-Treated Caco-2
Cells and Experimental Colitis in Mice through Adenosine Monophosphate-Activated Protein Kinase (AMPK) Activation. Food
Funct. 2015, 6, 3334–3341. [CrossRef] [PubMed]

22. Li, Q.; Wu, W.; Fang, X.; Chen, H.; Han, Y.; Liu, R.; Niu, B.; Gao, H. Structural Characterization of a Polysaccharide from Bamboo
(Phyllostachys Edulis) Shoot and Its Prevention Effect on Colitis Mouse. Food Chem. 2022, 387, 132807. [CrossRef] [PubMed]

23. El Menyiy, N.; El Allam, A.; Aboulaghras, S.; Jaouadi, I.; Bakrim, S.; El Omari, N.; Shariati, M.A.; Miftakhutdinov, A.;
Wilairatana, P.; Mubarak, M.S.; et al. Inflammatory Auto-Immune Diseases of the Intestine and Their Management by Natural
Bioactive Compounds. Biomed. Pharmacother. 2022, 151, 113158. [CrossRef] [PubMed]

24. Chen, S.-Y.; Wang, G.-Y.; Lin, J.-H.; Yen, G.-C. Antioxidant and Anti-Inflammatory Activities and Bioactive Compounds of the
Leaves of Trichodesma Khasianum Clarke. Ind. Crops Prod. 2020, 151, 112447. [CrossRef]

25. Ma, Y.; He, Y.; Yin, T.; Chen, H.; Gao, S.; Hu, M. Metabolism of Phenolic Compounds in LPS-Stimulated Raw264.7 Cells Can
Impact Their Anti-Inflammatory Efficacy: Indication of Hesperetin. J. Agric. Food Chem. 2018, 66, 6042–6052. [CrossRef]

26. Kim, N.Y.; Cheong, S.H.; Lee, K.J.; Sok, D.-E.; Kim, M.R. Anti-Inflammatory Effects of Ribes Diacanthum Pall Mediated via
Regulation of Nrf2/HO-1 and NF-κB Signaling Pathways in LPS-Stimulated RAW 264.7 Macrophages and a TPA-Induced
Dermatitis Animal Model. Antioxidants 2020, 9, 622. [CrossRef]

27. Yu, T.; Lee, Y.J.; Yang, H.M.; Han, S.; Kim, J.H.; Lee, Y.; Kim, C.; Han, M.H.; Kim, M.-Y.; Lee, J.; et al. Inhibitory Effect of Sanguisorba
Officinalis Ethanol Extract on NO and PGE2 Production Is Mediated by Suppression of NF-κB and AP-1 Activation Signaling
Cascade. J. Ethnopharmacol. 2011, 134, 11–17. [CrossRef]

28. Vasarri, M.; Leri, M.; Barletta, E.; Ramazzotti, M.; Marzocchini, R.; Degl’Innocenti, D. Anti-Inflammatory Properties of the Marine
Plant Posidonia Oceanica (L.) Delile. J. Ethnopharmacol. 2020, 247, 112252. [CrossRef]

29. Hwang, D.; Kang, M.; Jo, M.; Seo, Y.; Park, N.; Kim, G.-D. Anti-Inflammatory Activity of β-Thymosin Peptide Derived from Pacific
Oyster (Crassostrea Gigas) on NO and PGE2 Production by Down-Regulating NF-κB in LPS-Induced RAW264.7 Macrophage Cells.
Mar. Drugs 2019, 17, 129. [CrossRef]

30. Vanhoutte, P.M. Nitric Oxide: From Good to Bad. Ann. Vasc. Dis. 2018, 11, 41–51. [CrossRef]

http://doi.org/10.1016/j.fct.2017.01.018
http://www.ncbi.nlm.nih.gov/pubmed/28130090
http://doi.org/10.33549/physiolres.931844
http://doi.org/10.1016/j.foodchem.2019.125124
http://doi.org/10.1161/CIRCRESAHA.117.309008
http://doi.org/10.3945/an.112.002154
http://doi.org/10.3945/an.112.003517
http://doi.org/10.1016/j.jff.2012.10.002
http://doi.org/10.1016/j.jneuroim.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24485149
http://doi.org/10.1016/j.micpath.2018.04.049
http://www.ncbi.nlm.nih.gov/pubmed/29704670
http://doi.org/10.1016/j.foodchem.2016.09.058
http://www.ncbi.nlm.nih.gov/pubmed/27719892
http://doi.org/10.1016/j.tifs.2018.11.017
http://doi.org/10.1016/j.jep.2019.112296
http://doi.org/10.1016/j.foodchem.2021.131335
http://doi.org/10.1016/j.biopha.2016.09.081
http://doi.org/10.1016/j.foodchem.2005.03.019
http://doi.org/10.1111/j.1750-3841.2011.02262.x
http://doi.org/10.1016/j.dld.2020.06.046
http://doi.org/10.1039/C5FO00513B
http://www.ncbi.nlm.nih.gov/pubmed/26263169
http://doi.org/10.1016/j.foodchem.2022.132807
http://www.ncbi.nlm.nih.gov/pubmed/35397273
http://doi.org/10.1016/j.biopha.2022.113158
http://www.ncbi.nlm.nih.gov/pubmed/35644116
http://doi.org/10.1016/j.indcrop.2020.112447
http://doi.org/10.1021/acs.jafc.7b04464
http://doi.org/10.3390/antiox9070622
http://doi.org/10.1016/j.jep.2010.08.060
http://doi.org/10.1016/j.jep.2019.112252
http://doi.org/10.3390/md17020129
http://doi.org/10.3400/avd.ra.17-00134


Int. J. Mol. Sci. 2022, 23, 7694 20 of 22

31. Hibbs, J.B.; Taintor, R.R.; Vavrin, Z.; Rachlin, E.M. Nitric Oxide: A Cytotoxic Activated Macrophage Effector Molecule. Biochem.
Biophys. Res. Commun. 1988, 157, 87–94. [CrossRef]

32. Martín, M.C.; Martinez, A.; Mendoza, J.L.; Taxonera, C.; Díaz-Rubio, M.; Fernández-Arquero, M.; de la Concha, E.G.; Urcelay, E.
Influence of the Inducible Nitric Oxide Synthase Gene (NOS2A) on Inflammatory Bowel Disease Susceptibility. Immunogenetics
2007, 59, 833–837. [CrossRef] [PubMed]

33. Janakiram, N.B.; Rao, C.V. INOS-Selective Inhibitors for Cancer Prevention: Promise and Progress. Future Med. Chem. 2012, 4,
2193–2204. [CrossRef]

34. Williams, C.S.; Mann, M.; DuBois, R.N. The Role of Cyclooxygenases in Inflammation, Cancer, and Development. Oncogene 1999,
18, 7908–7916. [CrossRef] [PubMed]

35. Hussein, S.Z.; Mohd Yusoff, K.; Makpol, S.; Mohd Yusof, Y.A. Gelam Honey Inhibits the Production of Proinflammatory, Mediators
NO, PGE 2, TNF-α, and IL-6 in Carrageenan-Induced Acute Paw Edema in Rats. Evid. Based Complement. Alternat. Med. 2012,
2012, 1–13. [CrossRef]

36. Kassim, M.; Achoui, M.; Mansor, M.; Yusoff, K.M. The Inhibitory Effects of Gelam Honey and Its Extracts on Nitric Oxide and
Prostaglandin E2 in Inflammatory Tissues. Fitoterapia 2010, 81, 1196–1201. [CrossRef]

37. Ren, J.; Su, D.; Li, L.; Cai, H.; Zhang, M.; Zhai, J.; Li, M.; Wu, X.; Hu, K. Anti-Inflammatory Effects of Aureusidin in LPS-Stimulated
RAW264.7 Macrophages via Suppressing NF-κB and Activating ROS- and MAPKs-Dependent Nrf2/HO-1 Signaling Pathways.
Toxicol. Appl. Pharmacol. 2020, 387, 114846. [CrossRef]

38. Tracey, K.J.; Beutler, B.; Lowry, S.F.; Merryweather, J.; Wolpe, S.; Milsark, I.W.; Hariri, R.J.; Fahey, T.J.; Zentella, A.; Albert, J.D.; et al.
Shock and Tissue Injury Induced by Recombinant Human Cachectin. Science 1986, 234, 470–474. [CrossRef]

39. Park, E.J.; Lee, J.H.; Yu, G.-Y.; He, G.; Ali, S.R.; Holzer, R.G.; Österreicher, C.H.; Takahashi, H.; Karin, M. Dietary and Genetic
Obesity Promote Liver Inflammation and Tumorigenesis by Enhancing IL-6 and TNF Expression. Cell 2010, 140, 197–208.
[CrossRef]

40. Takashiba, S.; Naruishi, K.; Murayama, Y. Perspective of Cytokine Regulation for Periodontal Treatment: Fibroblast Biology.
J. Periodontol. 2003, 74, 103–110. [CrossRef]

41. Silva, B.; Biluca, F.C.; Mohr, E.T.B.; Caon, T.; Gonzaga, L.V.; Fett, R.; Dalmarco, E.M.; Costa, A.C.O. Effect of Mimosa Scabrella
Bentham Honeydew Honey on Inflammatory Mediators. J. Funct. Foods 2020, 72, 104034. [CrossRef]

42. Ahmad, W.; Jantan, I.; Kumolosasi, E.; Haque, M.A.; Bukhari, S.N.A. Immunomodulatory Effects of Tinospora Crispa Extract and
Its Major Compounds on the Immune Functions of RAW 264.7 Macrophages. Int. Immunopharmacol. 2018, 60, 141–151. [CrossRef]
[PubMed]

43. Posadas, I.; Romero-Castillo, L.; El Brahmi, N.; Manzanares, D.; Mignani, S.; Majoral, J.-P.; Ceña, V. Neutral High-Generation
Phosphorus Dendrimers Inhibit Macrophage-Mediated Inflammatory Response In Vitro and In Vivo. Proc. Natl. Acad. Sci. USA
2017, 114, E7660–E7669. [CrossRef] [PubMed]

44. Zhang, H.; Guo, Q.; Liang, Z.; Wang, M.; Wang, B.; Sun-Waterhouse, D.; Waterhouse, G.I.N.; Wang, J.; Ma, C.; Kang, W. Anti-
Inflammatory and Antioxidant Effects of Chaetoglobosin Vb in LPS-Induced RAW264.7 Cells: Achieved via the MAPK and
NF-κB Signaling Pathways. Food Chem. Toxicol. 2021, 147, 111915. [CrossRef] [PubMed]

45. Jiang, T.; Sun, Q.; Chen, S. Oxidative Stress: A Major Pathogenesis and Potential Therapeutic Target of Antioxidative Agents in
Parkinson’s Disease and Alzheimer’s Disease. Prog. Neurobiol. 2016, 147, 1–19. [CrossRef]

46. Schieber, M.; Chandel, N.S. ROS Function in Redox Signaling and Oxidative Stress. Curr. Biol. 2014, 24, 10. [CrossRef]
47. Davinelli, S.; Nielsen, M.; Scapagnini, G. Astaxanthin in Skin Health, Repair, and Disease: A Comprehensive Review. Nutrients

2018, 10, 522. [CrossRef]
48. Wu, J.; Xia, S.; Kalionis, B.; Wan, W.; Sun, T. The Role of Oxidative Stress and Inflammation in Cardiovascular Aging. BioMed Res.

Int. 2014, 2014, 1–13. [CrossRef]
49. Pirvulescu, M.M.; Gan, A.-M.; Stan, D.; Simion, V.; Calin, M.; Butoi, E.; Tirgoviste, C.I.; Manduteanu, I. Curcumin and a Morus Alba

Extract Reduce Pro-Inflammatory Effects of Resistin in Human Endothelial Cells. Phytother. Res. 2011, 25, 1737–1742. [CrossRef]
50. Geesin, J.C.; Gordon, J.S.; Berg, R.A. Retinoids Affect Collagen Synthesis through Inhibition of Ascorbate-Induced Lipid

Peroxidation in Cultured Human Dermal Fibroblasts. Arch. Biochem. Biophys. 1990, 278, 350–355. [CrossRef]
51. Li, Y.; Jiang, B.; Zhang, T.; Mu, W.; Liu, J. Antioxidant and Free Radical-Scavenging Activities of Chickpea Protein Hydrolysate

(CPH). Food Chem. 2008, 106, 444–450. [CrossRef]
52. Larson, R.A. The Antioxidants of Higher Plants. Phytochemistry 1988, 27, 969–978. [CrossRef]
53. Li, W.; Wang, Y.; Wei, H.; Zhang, Y.; Guo, Z.; Qiu, Y.; Wen, L.; Xie, Z. Structural Characterization of Lanzhou Lily (Lilium Davidii

Var. Unicolor) Polysaccharides and Determination of Their Associated Antioxidant Activity. J. Sci. Food Agric. 2020, 100, 5603–5616.
[CrossRef]

54. Duh, P.-D. Antioxidant Activity of Burdock (Arctium Lappa Linné): Its Scavenging Effect on Free-Radical and Active Oxygen.
J. Am. Oil Chem. Soc. 1998, 75, 455–461. [CrossRef]

55. Duh, P.-D.; Tu, Y.-Y.; Yen, G.-C. Antioxidant Activity of Water Extract of Harng Jyur (Chrysanthemum Morifolium Ramat).
LWT—Food Sci. Technol. 1999, 32, 269–277. [CrossRef]

56. Garcia-Salas, P.; Morales-Soto, A.; Segura-Carretero, A.; Fernández-Gutiérrez, A. Phenolic-Compound-Extraction Systems for
Fruit and Vegetable Samples. Molecules 2010, 15, 8813–8826. [CrossRef] [PubMed]

http://doi.org/10.1016/S0006-291X(88)80015-9
http://doi.org/10.1007/s00251-007-0255-1
http://www.ncbi.nlm.nih.gov/pubmed/17955236
http://doi.org/10.4155/fmc.12.168
http://doi.org/10.1038/sj.onc.1203286
http://www.ncbi.nlm.nih.gov/pubmed/10630643
http://doi.org/10.1155/2012/109636
http://doi.org/10.1016/j.fitote.2010.07.024
http://doi.org/10.1016/j.taap.2019.114846
http://doi.org/10.1126/science.3764421
http://doi.org/10.1016/j.cell.2009.12.052
http://doi.org/10.1902/jop.2003.74.1.103
http://doi.org/10.1016/j.jff.2020.104034
http://doi.org/10.1016/j.intimp.2018.04.046
http://www.ncbi.nlm.nih.gov/pubmed/29730557
http://doi.org/10.1073/pnas.1704858114
http://www.ncbi.nlm.nih.gov/pubmed/28847956
http://doi.org/10.1016/j.fct.2020.111915
http://www.ncbi.nlm.nih.gov/pubmed/33285210
http://doi.org/10.1016/j.pneurobio.2016.07.005
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.3390/nu10040522
http://doi.org/10.1155/2014/615312
http://doi.org/10.1002/ptr.3463
http://doi.org/10.1016/0003-9861(90)90270-9
http://doi.org/10.1016/j.foodchem.2007.04.067
http://doi.org/10.1016/0031-9422(88)80254-1
http://doi.org/10.1002/jsfa.10613
http://doi.org/10.1007/s11746-998-0248-8
http://doi.org/10.1006/fstl.1999.0548
http://doi.org/10.3390/molecules15128813
http://www.ncbi.nlm.nih.gov/pubmed/21131901


Int. J. Mol. Sci. 2022, 23, 7694 21 of 22

57. Guan, L.-P.; Liu, B.-Y. Antidepressant-like Effects and Mechanisms of Flavonoids and Related Analogues. Eur. J. Med. Chem. 2016,
121, 47–57. [CrossRef]

58. Iwashina, T. The Structure and Distribution of the Flavonoids in Plants. J. Plant Res. 2000, 113, 287–299. [CrossRef]
59. Wang, T.; Li, Q.; Bi, K. Bioactive Flavonoids in Medicinal Plants: Structure, Activity and Biological Fate. Asian J. Pharm. Sci. 2018,

13, 12–23. [CrossRef]
60. Kumar, S.; Pandey, A.K. Chemistry and Biological Activities of Flavonoids: An Overview. Sci. World J. 2013, 2013, 1–16. [CrossRef]
61. Sánchez-Salcedo, E.M.; Tassotti, M.; Del Rio, D.; Hernández, F.; Martínez, J.J.; Mena, P. (Poly)Phenolic Fingerprint and Chemo-

metric Analysis of White (Morus Alba L.) and Black (Morus Nigra L.) Mulberry Leaves by Using a Non-Targeted UHPLC–MS
Approach. Food Chem. 2016, 212, 250–255. [CrossRef] [PubMed]

62. Sugiyama, M.; Takahashi, M.; Katsube, T.; Koyama, A.; Itamura, H. Effects of Applied Nitrogen Amounts on the Functional
Components of Mulberry (Morus Alba L.) Leaves. J. Agric. Food Chem. 2016, 64, 6923–6929. [CrossRef] [PubMed]

63. Rodríguez-Pérez, C.; Quirantes-Piné, R.; Fernández-Gutiérrez, A.; Segura-Carretero, A. Optimization of Extraction Method to
Obtain a Phenolic Compounds-Rich Extract from Moringa Oleifera Lam Leaves. Ind. Crops Prod. 2015, 66, 246–254. [CrossRef]

64. Chen, A.Y.; Chen, Y.C. A Review of the Dietary Flavonoid, Kaempferol on Human Health and Cancer Chemoprevention. Food
Chem. 2013, 138, 2099–2107. [CrossRef]

65. Yuan, G.; Wahlqvist, M.L.; He, G.; Yang, M.; Li, D. Natural Products and Anti-Inflammatory Activity. Asia Pac. J. Clin. Nutr. 2006,
15, 143–152. [PubMed]

66. Butt, M.S.; Nazir, A.; Sultan, M.T.; Schroën, K. Morus Alba L. Nature’s Functional Tonic. Trends Food Sci. Technol. 2008, 19, 505–512.
[CrossRef]

67. Enkhmaa, B.; Shiwaku, K.; Katsube, T.; Kitajima, K.; Anuurad, E.; Yamasaki, M.; Yamane, Y. Mulberry (Morus Alba L.) Leaves and
Their Major Flavonol Quercetin 3-(6-Malonylglucoside) Attenuate Atherosclerotic Lesion Development in LDL Receptor-Deficient
Mice. J. Nutr. 2005, 135, 729–734. [CrossRef] [PubMed]

68. Hamalainen, M.; Nieminen, R.; Vuorela, P.; Heinonen, M.; Moiianen, E. Anti-Inflammatory Effects of Flavonoids: Genistein,
Kaempferol, Quercetin, and Daidzein Inhibit STAT-1 and NF-κB Activations, Whereas Flavone, Isorhamnetin, Naringenin, and
Pelargonidin Inhibit Only NF-κB Activation along with Their Inhibitory Effect on INOS Expression and NO Production in
Activated Macrophages. Mediators Inflamm. 2007, 2007, 11.

69. Rho, H.S.; Ghimeray, A.K.; Yoo, D.S.; Ahn, S.M.; Kwon, S.S.; Lee, K.H.; Cho, D.H.; Cho, J.Y. Kaempferol and Kaempferol
Rhamnosides with Depigmenting and Anti-Inflammatory Properties. Molecules 2011, 16, 3338–3344. [CrossRef]

70. Abo-Salem, O.M. Kaempferol Attenuates the Development of Diabetic Neuropathic Pain in Mice: Possible Anti-Inflammatory
and Anti-Oxidant Mechanisms. Open Access Maced. J. Med. Sci. 2014, 2, 424–430. [CrossRef]

71. Araujo, C.M.; de Lúcio, K.P.; Silva, M.E.; Isoldi, M.C.; de Souza, G.H.B.; Brandão, G.C.; Schulz, R.; Costa, D.C. Morus Nigra Leaf
Extract Improves Glycemic Response and Redox Profile in the Liver of Diabetic Rats. Food Funct. 2015, 6, 3490–3499. [CrossRef]
[PubMed]

72. Kim, S.Y.; Gao, J.L.; Lee, W.-C.; Ryu, K.S.; Lee, K.R.; Kim, Y.C. Antioxidative Flavonoids from the Leaves of Morus Alba. Arch.
Pharm. Res. 1999, 22, 81–85. [CrossRef] [PubMed]

73. Wang, Y.; Wang, Y.; Shen, W.; Wang, Y.; Cao, Y.; Nuerbulati, N.; Chen, W.; Lu, G.; Xiao, W.; Qi, R. Grape Seed Polyphenols
Ameliorated Dextran Sulfate Sodium-Induced Colitis via Suppression of Inflammation and Apoptosis. Pharmacology 2020, 105,
9–18. [CrossRef] [PubMed]

74. Sheng, K.; Zhang, G.; Sun, M.; He, S.; Kong, X.; Wang, J.; Zhu, F.; Zha, X.; Wang, Y. Grape Seed Proanthocyanidin Extract
Ameliorates Dextran Sulfate Sodium-Induced Colitis through Intestinal Barrier Improvement, Oxidative Stress Reduction, and
Inflammatory Cytokines and Gut Microbiota Modulation. Food Funct. 2020, 11, 7817–7829. [CrossRef]

75. Li, P.; Wu, M.; Xiong, W.; Li, J.; An, Y.; Ren, J.; Xie, Y.; Xue, H.; Yan, D.; Li, M.; et al. Saikosaponin-d Ameliorates Dextran Sulfate
Sodium-Induced Colitis by Suppressing NF-κB Activation and Modulating the Gut Microbiota in Mice. Int. Immunopharmacol.
2020, 81, 106288. [CrossRef]

76. Zhang, M.; Zhao, Y.; Wu, N.; Yao, Y.; Xu, M.; Du, H.; Tu, Y. The Anti-Inflammatory Activity of Peptides from Simulated
Gastrointestinal Digestion of Preserved Egg White in DSS-Induced Mouse Colitis. Food Funct. 2018, 9, 6444–6454. [CrossRef]

77. Dodda, D.; Chhajed, R.; Mishra, J. Protective Effect of Quercetin against Acetic Acid Induced Inflammatory Bowel Disease (IBD)
like Symptoms in Rats: Possible Morphological and Biochemical Alterations. Pharmacol. Rep. 2014, 66, 169–173. [CrossRef]

78. Hong, Z.; Piao, M. Effect of Quercetin Monoglycosides on Oxidative Stress and Gut Microbiota Diversity in Mice with Dextran
Sodium Sulphate-Induced Colitis. BioMed Res. Int. 2018, 2018, 8343052. [CrossRef]

79. Francescone, R.; Hou, V.; Grivennikov, S.I. Cytokines, IBD, and Colitis-Associated Cancer. Inflamm. Bowel Dis. 2015, 21, 409–418.
[CrossRef]

80. Wang, Q.; Wang, C.; Abdullah; Tian, W.; Qiu, Z.; Song, M.; Cao, Y.; Xiao, J. Hydroxytyrosol Alleviates Dextran Sulfate Sodium-
Induced Colitis by Modulating Inflammatory Responses, Intestinal Barrier, and Microbiome. J. Agric. Food Chem. 2022, 70,
2241–2252. [CrossRef]

81. Al-Rejaie, S.S. Protective Effect of Naringenin on Acetic Acid-Induced Ulcerative Colitis in Rats. World J. Gastroenterol. 2013,
19, 5633. [CrossRef] [PubMed]

82. Wang, X.; Gao, Y.; Wang, L.; Yang, D.; Bu, W.; Gou, L.; Huang, J.; Duan, X.; Pan, Y.; Cao, S.; et al. Troxerutin Improves Dextran
Sulfate Sodium-Induced Ulcerative Colitis in Mice. J. Agric. Food Chem. 2021, 69, 2729–2744. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ejmech.2016.05.026
http://doi.org/10.1007/PL00013940
http://doi.org/10.1016/j.ajps.2017.08.004
http://doi.org/10.1155/2013/162750
http://doi.org/10.1016/j.foodchem.2016.05.121
http://www.ncbi.nlm.nih.gov/pubmed/27374530
http://doi.org/10.1021/acs.jafc.6b01922
http://www.ncbi.nlm.nih.gov/pubmed/27579496
http://doi.org/10.1016/j.indcrop.2015.01.002
http://doi.org/10.1016/j.foodchem.2012.11.139
http://www.ncbi.nlm.nih.gov/pubmed/16672197
http://doi.org/10.1016/j.tifs.2008.06.002
http://doi.org/10.1093/jn/135.4.729
http://www.ncbi.nlm.nih.gov/pubmed/15795425
http://doi.org/10.3390/molecules16043338
http://doi.org/10.3889/oamjms.2014.073
http://doi.org/10.1039/C5FO00474H
http://www.ncbi.nlm.nih.gov/pubmed/26294257
http://doi.org/10.1007/BF02976442
http://www.ncbi.nlm.nih.gov/pubmed/10071966
http://doi.org/10.1159/000501897
http://www.ncbi.nlm.nih.gov/pubmed/31743904
http://doi.org/10.1039/D0FO01418D
http://doi.org/10.1016/j.intimp.2020.106288
http://doi.org/10.1039/C8FO01939H
http://doi.org/10.1016/j.pharep.2013.08.013
http://doi.org/10.1155/2018/8343052
http://doi.org/10.1097/MIB.0000000000000236
http://doi.org/10.1021/acs.jafc.1c07568
http://doi.org/10.3748/wjg.v19.i34.5633
http://www.ncbi.nlm.nih.gov/pubmed/24039355
http://doi.org/10.1021/acs.jafc.0c06755
http://www.ncbi.nlm.nih.gov/pubmed/33621077


Int. J. Mol. Sci. 2022, 23, 7694 22 of 22

83. Lin, R.; Piao, M.; Song, Y. Dietary Quercetin Increases Colonic Microbial Diversity and Attenuates Colitis Severity in Citrobacter
Rodentium-Infected Mice. Front. Microbiol. 2019, 10, 1092. [CrossRef]

84. Zhang, X.; Liu, W.; Zhang, S.; Wang, J.; Yang, X.; Wang, R.; Yan, T.; Wu, B.; Du, Y.; Jia, Y. Wei-Tong-Xin Ameliorates Functional
Dyspepsia via Inactivating TLR4/MyD88 by Regulating Gut Microbial Structure and Metabolites. Phytomedicine 2022, 102, 154180.
[CrossRef] [PubMed]

85. Ma, N.; Guo, P.; Zhang, J.; He, T.; Kim, S.W.; Zhang, G.; Ma, X. Nutrients Mediate Intestinal Bacteria–Mucosal Immune Crosstalk.
Front. Immunol. 2018, 9, 5. [CrossRef]

86. Liu, Y.; Luo, L.; Luo, Y.; Zhang, J.; Wang, X.; Sun, K.; Zeng, L. Prebiotic Properties of Green and Dark Tea Contribute to Protective
Effects in Chemical-Induced Colitis in Mice: A Fecal Microbiota Transplantation Study. J. Agric. Food Chem. 2020, 68, 6368–6380.
[CrossRef]

87. Koliaraki, V.; Chalkidi, N.; Henriques, A.; Tzaferis, C.; Polykratis, A.; Waisman, A.; Muller, W.; Hackam, D.J.; Pasparakis, M.;
Kollias, G. Innate Sensing through Mesenchymal TLR4/MyD88 Signals Promotes Spontaneous Intestinal Tumorigenesis. Cell Rep.
2019, 26, 536–545.e4. [CrossRef]

88. Ma, Y.; Ma, B.; Shang, Y.; Yin, Q.; Hong, Y.; Xu, S.; Shen, C.; Hou, X.; Liu, X. Flavonoid-Rich Ethanol Extract from the Leaves of
Diospyros Kaki Attenuates Cognitive Deficits, Amyloid-Beta Production, Oxidative Stress, and Neuroinflammation in APP/PS1
Transgenic Mice. Brain Res. 2018, 1678, 85–93. [CrossRef]

89. Zhao, X.-L.; Yu, L.; Zhang, S.-D.; Ping, K.; Ni, H.-Y.; Qin, X.-Y.; Zhao, C.-J.; Wang, W.; Efferth, T.; Fu, Y.-J. Cryptochlorogenic Acid
Attenuates LPS-Induced Inflammatory Response and Oxidative Stress via Upregulation of the Nrf2/HO-1 Signaling Pathway in
RAW 264.7 Macrophages. Int. Immunopharmacol. 2020, 83, 106436. [CrossRef]

90. Smeriglio, A.; Denaro, M.; D’Angelo, V.; Germanò, M.P.; Trombetta, D. Antioxidant, Anti-Inflammatory and Anti-Angiogenic
Properties of Citrus Lumia Juice. Front. Pharmacol. 2020, 11, 593506. [CrossRef]

91. He, N.; Yang, X.; Jiao, Y.; Tian, L.; Zhao, Y. Characterisation of Antioxidant and Antiproliferative Acidic Polysaccharides from
Chinese Wolfberry Fruits. Food Chem. 2012, 133, 978–989. [CrossRef]

92. Sun, Q.; Zhu, J.; Cao, F.; Chen, F. Anti-Inflammatory Properties of Extracts from Chimonanthus Nitens Oliv. Leaf. PLoS ONE 2017,
12, e0181094. [CrossRef] [PubMed]

93. Chen, Y.; Yang, B.; Stanton, C.; Ross, R.P.; Zhao, J.; Zhang, H.; Chen, W. Bifidobacterium Pseudocatenulatum Ameliorates DSS-
Induced Colitis by Maintaining Intestinal Mechanical Barrier, Blocking Proinflammatory Cytokines, Inhibiting TLR4/NF-κB
Signaling, and Altering Gut Microbiota. J. Agric. Food Chem. 2021, 69, 1496–1512. [CrossRef] [PubMed]

94. Majumder, K.; Fukuda, T.; Zhang, H.; Sakurai, T.; Taniguchi, Y.; Watanabe, H.; Mitsuzumi, H.; Matsui, T.; Mine, Y. Intervention of
Isomaltodextrin Mitigates Intestinal Inflammation in a Dextran Sodium Sulfate-Induced Mouse Model of Colitis via Inhibition of
Toll-like Receptor-4. J. Agric. Food Chem. 2017, 65, 810–817. [CrossRef] [PubMed]

95. Zhang, Y.; Wang, O.; Ma, N.; Yi, J.; Mi, H.; Cai, S. The Preventive Effect and Underlying Mechanism of Rhus Chinensis Mill. Fruits
on Dextran Sulphate Sodium-Induced Ulcerative Colitis in Mice. Food Funct. 2021, 12, 9965–9978. [CrossRef]

http://doi.org/10.3389/fmicb.2019.01092
http://doi.org/10.1016/j.phymed.2022.154180
http://www.ncbi.nlm.nih.gov/pubmed/35613516
http://doi.org/10.3389/fimmu.2018.00005
http://doi.org/10.1021/acs.jafc.0c02336
http://doi.org/10.1016/j.celrep.2018.12.072
http://doi.org/10.1016/j.brainres.2017.10.001
http://doi.org/10.1016/j.intimp.2020.106436
http://doi.org/10.3389/fphar.2020.593506
http://doi.org/10.1016/j.foodchem.2012.02.018
http://doi.org/10.1371/journal.pone.0181094
http://www.ncbi.nlm.nih.gov/pubmed/28700722
http://doi.org/10.1021/acs.jafc.0c06329
http://www.ncbi.nlm.nih.gov/pubmed/33512996
http://doi.org/10.1021/acs.jafc.6b04903
http://www.ncbi.nlm.nih.gov/pubmed/28102669
http://doi.org/10.1039/D1FO01558C

	Introduction 
	Results and Discussion 
	Cytotoxicity of the MLFs in RAW264.7 Cells 
	MLFs Decreased Nitric Oxide (NO) and Prostaglandin E2 (PGE2) Production in LPS-Induced RAW 264.7 Cells 
	MLFs Inhibited Inflammatory Cytokine Secretion in LPS-Induced RAW 264.7 Cells 
	MLFs Inhibited ROS Production in LPS-Induced RAW 264.7 Cells 
	Antioxidant Activities of the MLFs 
	TFC of the MLFs 
	Differential Flavonoids between the MLFs 
	Treatment with 30%MLF Alleviated the Symptoms of DSS-Induced UC in Mice 
	Treatment with 30%MLF Relieved the Morphological Damage Caused by DSS-Induced UC in Mice 
	Treatment with 30%MLF Reduced Inflammatory Cytokine Secretion of DSS-Induced UC in Mice 
	Treatment with 30%MLF Inhibited the Toll-like Receptor 4 (TLR4)/Myeloid Differentiation Factor 88 (MyD88) Pathway Activation of DSS-Induced UC in Mice 

	Materials and Methods 
	MLF Extraction 
	Cell Cultures 
	Cell Viability Assay 
	NO Production Assay 
	ROS Level Detection 
	ELISA Test 
	RNA Extraction and RT-qPCR 
	Chemical Assays of Antioxidant Activity 
	DPPH Radical Scavenging Activity 
	Metal Ion Chelating Activity Assay 
	Assessment of Reducing Power 

	TFC Measurement 
	MLF Sample Preparation and Liquid Chromatography-Mass Spectrometry (LC-MS) Conditions 
	Induction of Colitis and Treatment 
	Assessment of DAI 
	Histological Analysis 
	Immunohistochemical Staining 
	Data Treatment and Statistical Analysis 

	Conclusions 
	References

