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ABSTRACT

For the valorization of Chaenomeles speciosa leaves, this study focused on extraction, enrichment, chemical
profiling, and investigation of the biological activity of its abundant triterpenoid components. Initially, the total
triterpenoids in C. speciosa leaves were extracted by ultrasonic-assisted extraction (UAE) method, with the
extraction process optimized through response surface methodology (RSM). Under the optimal conditions of
extraction solvent 93 % EtOH, ultrasound power 390 W, extraction time 30 min, extraction temperature 70 °C,
liquid-to-solid ratio 25 mL/g, and 2 extraction cycles, the maximum total triterpenoids yield (TTY) reached 36.77
+ 0.40 mg/g. The total triterpenoids in the crude extract were subsequently enriched by X-5 resin column
chromatography, resulting in a fourfold increase in purity, reaching 73.27 + 0.84 %. Thirteen compounds in the
triterpenoid-rich fraction (TRF) were identified through UPLC-QTOF-MS/MS, and five major triterpenoids
(oleanolic acid, ursolic acid, betulinic acid, maslinic acid, and pomolic acid) were simultaneously quantified by
HPLC-QQQ-MS. Furthermore, TRF demonstrated a notable amelioration against dextran sodium sulfate (DSS)-
induced ulcerative colitis in mice, indicating its promise as a potent intervention for this condition. In summary,

this study will contribute to enhancing the utilization efficiency of Chaenomeles speciosa leaves.

1. Introduction

Chaenomeles speciosa is a perennial plant of the Rosaceae family,
native to temperate regions of China, Japan, and Korea [1]. The fruit of
C. speciosa, called “MuGua” in China, is renowned for its exceptional
nutritional profile and potential health benefits. It has been extensively
utilized as a raw material for producing a variety of food and beverage
products, including marmalades, candied snacks, syrups, liquors, and
juices [2]. In traditional Chinese medicine, MuGua is applied to alleviate
a variety of conditions, including rheumatism, arthralgia, beriberi,
indigestion, vomiting, diarrhea, hepatitis, and the common cold [3].
However, phytochemical studies have revealed that C. speciosa leaves
contain a rich array of bioactive compounds, including triterpenoids,
(poly)phenols, tocols, and amino acids [4,5]. C. speciosa leaves mainly
contain pentacyclic triterpenoid compounds, which have been reported
to possess various important pharmacological activities [6]. Conse-
quently, considering the necessity for the comprehensive development
of MuGua resources, further investigation of the leaves is warranted,

especially regarding the triterpenoid constituents.

The extraction of active ingredients is a critical initial step in the field
of natural product development, serving as an important portal for
accessing and harnessing the potential therapeutic values of natural
resources [7]. Traditional extraction methods for the recovery of tri-
terpenoids, such as maceration, reflux, and Soxhlet extraction, typically
require excessive solvents and extended processing times, potentially
leading to the degradation of target compounds and reduced extraction
yields [8]. In recent years, many innovative extraction techniques have
emerged to surmount the constraints posed by traditional methods.
Ultrasound-assisted extraction (UAE) stands out among these cutting-
edge techniques because of its enhanced extraction efficiency, lower
energy requirements, shorter extraction time, and ability to preserve the
integrity of thermolabile compounds [9]. The improved efficiency of
UAE in extracting bioactive components from plant matrices is largely
attributed to the cavitation effect induced by ultrasonic waves, since the
implosion of cavitation bubbles can destroy plant cell walls, increase
solid-liquid contact, and promote solvent penetration, thereby
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increasing the extraction rate [10]. Furthermore, another essential step
in drug development is enrichment, which is vital for ensuring the pu-
rity, efficacy, and safety of drug candidates. One of the most versatile
and effective enrichment methods employed in the pharmaceutical in-
dustry is the use of macroporous adsorption resins. Resin-based
enrichment offers several advantages, including high selectivity and
adsorption capacity, improved recoveries, reduced processing time, and
the ability to process large sample volumes, makeing it an ideal choice
for enriching natural products and has been widely utilized [11]. The
combined UAE and macroporous adsorption resin enrichment of tri-
terpenoids have been widely studied [12,13].

Over the past decade, UPLC-QTOF-MS" has become a formidable
analytical strategy for the exhaustive profiling of plant metabolites [14].
UPLC efficiently separates compounds in complex plant extracts, with
higher resolution and faster analysis time. The analytes are subsequently
subjected to tandem mass spectrometry, which elucidates their struc-
tures through multiple fragmentation and mass determination steps.
TOF mass analyzers offer outstanding mass accuracy for compound
identification, with high mass resolution that distinguishes isomers
[15]. These features are indispensable for the thorough characterization
of intricate plant metabolites, including triterpenoids [16,17]. Further-
more, for quantitative analysis, triple quadrupole (QQQ) mass spec-
trometry represents an exceptional choice, offering versatile operational
modes such as selected ion monitoring (SIM) and multiple reaction
monitoring (MRM) for highly targeted analysis, providing superior
sensitivity and selectivity for quantification of analytes even within
complex matrices [18].

Inflammatory bowel disease (IBD), a condition that includes both
Crohn’s disease and ulcerative colitis, is characterized by enduring
immune-mediated inflammation, disruption of intestinal homeostasis,
and dysbiosis of the gut microbiome, resulting from a multifactorial
interplay of environmental factors, genetic predisposition, and immune
system dysregulation [19]. Conventional pharmacological interventions
for IBD commonly rely on chemical drugs such as salicylazosulfapyr-
idine and mesalazine, which can effectively relieve symptoms but are
often accompanied by uncontrollable side effects [20]. Emerging evi-
dence indicates that natural products, including triterpenoids, exhibit
significant therapeutic potential for IBD in a dextran sulfate sodium
(DSS)-induced ulcerative colitis mouse model [21,22].

With the purpose of fully harnessing the potential of Chaenomeles
speciosa resources, the initial focus of this work was on the UAE of total
triterpenoids from its leaves, with the extraction process optimized
through response surface methodology (RSM) for maximum yield.
Macroporous adsorption resin was then used to enrich the triterpenoids.
The chemical profile of the triterpenoids-rich fraction (TRF) was char-
acterized via UPLC-QTOF-MS/MS, and five major triterpenoid compo-
nents were subsequently quantified via HPLC-QQQ-MS. Finally, the
protection of TRF against dextran sulfate sodium (DSS)-induced ulcer-
ative colitis in mice was evaluated.

2. Materials and methods
2.1. Chemicals and reagents

Oleanolic acid, betulinic acid, pomolic acid, and ursolic acid stan-
dards were procured from Yuanye Biotech Co., Ltd. (Shanghai, China).
Maslinic acid standard and X-5 resin were procured from Macklin
Biochemical Co., Ltd. (Shanghai, China). GR grade ethanol (EtOH) and
LC-MS grade acetonitrile were procured from Duksan Pure Chemicals
Co., Ltd. (Ansan, Korea). DSS was obtained from MP Biomedicals, Inc.
(California, USA).

2.2. Plant material

Chaenomeles speciosa leaves were collected from Pingdingshan city,
Henan Province, in August 2023. The leaves were then crushed, sieved
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through a 40-mesh screen, and stored in a digital dry cabinet for sub-
sequent analysis.

2.3. Ultrasound-assisted extraction of total triterpenoids

2.3.1. Single-factor experimental design

In this work, the UAE of total triterpenoids from C. speciosa leaves
was conducted by a KQ-500DE ultrasonic processor (40 kHz, Kunshan
Ultrasonic Instruments Co., Ltd., Jiangsu, China). To determine the
impact of various parameters on the total triterpenoids yield (TTY, Y), a
single-factor experimental design was employed, the specifics of which
are detailed in Table S1. Specifically, a range of six factors was inves-
tigated: the EtOH concentration (X7, 45 %-95 %), ultrasonic power (X,
200-450 W), extraction time (X3, 10-60 min), temperature (X,
20-70 °C), liquid-solid ratio (X5, 10-35 mL/g), and number of extrac-
tion cycles (Xg, 1-4).

2.3.2. Response surface experimental design

Informed by the single-factor experimental results, the key parame-
ters (X1, Xo, X3, and X4) affecting Y and their respective ranges were
identified, and a three-level four-variable Box-Behnken design (BBD)
was performed. Table S2 lists the actual values of independent variables
and their corresponding coding levels. The statistical relationship be-
tween the response variable and the independent variables was
described by fitting the results of 29 randomly sequenced experiments
into a polynomial model, the generalized form of which is presented
below:

k k k k-1
Y=PBo+ Y BXi+ Y FXi+ Y D AKX M
i=1 i=1 i=1 j=i+l

where X; and X; denote the independent variables; f represents the
intercept; while f;, i, and g signify the linear, quadratic, and interac-
tion effects, respectively, with k being the count of independent
variables.

2.4. Heat reflux extraction

The heat reflux extraction was conducted under optimized UAE
conditions, which included the use of 93 % ethanol as the extraction
solvent, an extraction time of 30 min, a temperature of 70 °C, a liquid-to-
solid ratio of 25 mL/g, and two extraction cycles.

2.5. Enrichment of triterpenoids by macroporous resin adsorption
chromatography

The extraction of triterpenoids from C. speciosa leaves (100 g) was
performed according to the optimized UAE protocol. Subsequent to the
centrifugation of the extract mixture, the supernatant was blended with
pretreated X-5 resin (15 g). This mixture was concentrated at 50 °C
under reduced pressure until the weight remained constant. The dried
resin laden with the sample was subsequently placed into a column (¢ =
32 mm) filled with X-5 resin. The elution program started with 6 bed
volumes (BV, where 1 BV = 180 mL) of water, followed by 6 BV of 30 %
EtOH and 6 BV of 60 % EtOH, and finally 6 BV of 90 % EtOH, all at a flow
rate of 2 BV/h. The eluate, rich in triterpenoids, was collected,
concentrated under reduced pressure, and then lyophilized, yielding a
triterpenoids-rich fraction (TRF).

2.6. Measurement of total triterpenoid content

The total triterpenoid content was determined according to a pre-
vious report [23]. Briefly, a 100 pL aliquot of the sample mixture, pre-
pared by dissolution in 5 % (w/v) vanillin-acetic acid, was mixed with
400 pL of perchloric acid. The blend was then heated at 60 °C for 15 min.
After incubation, the mixture was rapidly cooled on ice. Subsequently,
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50 pL of the mixture, along with 200 pL of acetic acid, was pipetted into
96-well plates. The absorbance at 545 nm was measured by a Spec-
traMax® iD5 microplate reader (Molecular Devices LLC, San Jose, CA,
USA). An standard calibration curve (y = 1.1555x + 0.0579) was
established using ursolic acid, where x and y represent the absorbance
and concentration of ursolic acid, respectively, yielding an R? of 0.9996
over the range of 0.1-0.6 mg/mL.

2.7. UPLC-ESI-QTOF-MS/MS conditions

An Agilent 1290 Infinity II UPLC system was linked with an Agilent
6546 quadrupole time-of-flight mass spectrometer featuring a Dual AJS
ESI source was used for qualitative analysis. The injection volume was
designated as 1 pL, with the column temperature held constant at room
temperature. Chromatographic separation was achieved using an Agi-
lent ZORBAX Eclipse Plus C18 column (2.1 x 100 mm, 1.8 pm). Mobile
phase A consisted of 0.1 % formic acid in water, and mobile phase B was
acetonitrile. The elution of analytes occurred at 0.4 mL/min, following a
gradient program of 0-10 min at 60-75 % B, 10-16 min at 75-95 % B,
16-17 min at 95-60 % B, and 17-20 min at 60 % B. Data acquisition for
the Q-TOF mass spectrometer was conducted in auto MS/MS mode at a
rate of 2 spectra/s. Nj served as the drying gas at a nebulizer pressure of
45 psi and a flow rate of 8 L/min at 320 °C. The sheath gas temperature
was 350 °C with a flow rate of 11 L/min, while the capillary and nozzle
voltages were set at 3,500 V and 1,000 V, respectively. The secondary
mass collision energy was set at 15 and 35 eV, and the MS and MS/MS
scan range was from 50 to 1000 m/z in negative ion mode.

2.8. HPLC-QQQ-MS quantitative analysis

2.8.1. Analysis conditions

HPLC analysis was performed using an Agilent 1290 Infinity II sys-
tem. The samples were chromatographed on an Alltima C18 column
(250 mm x 4.6 mm, 5 pm). The sample injection volume was 2 pL, and
the column temperature was set at 40 °C. The mobile phase consisted of
50 mM ammonium acetate in HyO (phase A, adjusted to pH = 8 with
ammonia) and methanol (phase B). The mobile phases were pumped at
0.6 mL/min using the following elution procedure: 0-12 min, 92 % B;
12-13 min, 92-100 % B; 13-14 min, 100-92 % B. An Agilent G6470B
triple-quadrupole mass spectrometer was employed to generate the
mass spectrometry data. The conditions for the negative ESI source were
set as follows: the gas temperature was 350 °C with a flow rate of 10 L/
min, the sheath gas temperature was also 350 °C with a slightly lower
flow rate of 8 L/min, the nebulizer pressure was 45 psi, the capillary
voltage was set at 3500 V, and the nozzle voltage was set at 1000 V. SIM
parameters for the targeted triterpenoid compounds are presented in
Table S3.

2.8.2. Method validation

The HPLC-QQQ-MS quantitative method was evaluated for linearity,
linear range, limit of quantification (LOQ), limit of detection (LOD),
precision, and recovery. The LOD and LOQ were assessed at signal-to-
noise ratios of 3:1 and 10:1, respectively. Precision was determined by
the relative standard deviation (RSD) of the intraday (samples analyzed
six times on a single day) and interday (evaluated over six consecutive
days) response signals. Recovery assays were performed with extracts
from C. speciosa leaves that included the reference compounds.

2.9. Therapeutic effect of TRF in the DSS-induced colitis model

2.9.1. Modeling and drug treatment

Six-week-old male C57BL/6 mice were acclimated for one week and
then divided into 6 groups (n = 6): the control, model, 5-ASA, TRF-L,
TRF-M, and TRF-H groups. The control group was administered deion-
ized water, whereas the remaining groups were treated with a 2 % DSS
aqueous solution for six consecutive days to induce the disease model.
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The 5-ASA, TRF-L, TRF-M, and TRF-H groups were orally gavaged with
mesalazine SR granules (600 mg/kg/d), TRF-L (100 mg/kg/d), TRE-M
(200 mg/kg/d), or TRF-H (400 mg/kg/d) from days O to 9. The mice
from all the groups fasted overnight and were sacrificed via cervical
dislocation under anaesthesia on day 10.

2.9.2. Conventional efficacy indexes

The body weights of the mice were monitored daily during the entire
experimental duration. The health status of the mice was evaluated by
evaluating the disease activity index (DAI), which included scores for
weight loss, stool consistency, and fecal bleeding according to our pre-
vious scoring criteria [24]. Furthermore, the colon lengths were
compared between the groups, the spleen weights were measured, and
the spleen index (spleen-to-body weight ratio) was calculated.

2.9.3. Histology

Colon tissues underwent fixation in 4 % paraformaldehyde for 24 h,
followed by dehydration, paraffin embedding, sectioning into 4 pm sli-
ces, and subsequent staining with hematoxylin and eosin (H&E) for
histological evaluation of the lesions. The severity of histological dam-
age and inflammatory infiltration was scored in a blinded manner, and
the scoring criteria were according to a previous report [25].

2.10. Statistical analysis

The data are presented as the mean + standard deviations (SD) and
were derived from at least three parallel replicates. Design Expert 13.0
software was used for response surface experimental design and subse-
quent data analysis. Statistical analysis was conducted via one-way or
two-way ANOVA using GraphPad Prism 9.5.1. Significance levels are
denoted as *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001.

3. Results and discussion
3.1. Analysis of single-factor experimental results

3.1.1. Effect of the EtOH concentration on the TTY

The influence of EtOH concentration on TTY is depicted in Fig. 1A,
which shows an increase in TTY from 16.54 + 0.64 to 32.77 + 0.56 mg/
g as the EtOH concentration rose from 45 % to 85 %. However, further
increasing the EtOH concentration resulted in a decrease in TTY, a trend
similar to that observed in the UAE of triterpenoids from Jatropha curcas
leaves [8]. Owing to the hydrophobic nature of triterpenoids in
C. speciosa leaves, higher EtOH concentrations facilitated triterpenoid
extraction on the basis of the principle of similar compatibility. How-
ever, the higher EtOH concentration could lead to the dissolution of
more liposoluble impurities, thereby impeding the extraction of tri-
terpenoids. Therefore, the optimal extraction solvent was considered to
be 85 % EtOH.

3.1.2. Effect of ultrasonic power on the TTY

The influence of ultrasonic power on the TTY is depicted in Fig. 1B.
As the ultrasonic power increased from 200 to 350 W, the TTY increased
from 25.76 + 0.54 to 32.97 + 0.50 mg/g. However, further increasing
the ultrasonic power resulted in a decrease in TTY, a trend similar to that
observed in the UAE of triterpenoids from loquat peel [12]. Within the
200-350 W range of ultrasonic power, TTY showed a positive correla-
tion with increasing power levels. Higher power inputs resulted in more
pronounced disruption of plant cell walls, facilitating better solvent
penetration and diffusion into the plant matrix, which promoted the
release and extraction of triterpenoid compounds. However, it is worth
noting that ultrasonic power levels exceeding 350 W could potentially
result in the degradation of triterpenoid molecules [26]. Thus, the
optimal ultrasonic power was considered to be 350 W.
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Fig. 1. Effects of independent variables on the TTY. (A) EtOH concentration; (B) ultrasonic power; (C) extraction time; (D) extraction temperature; (E) liquid-to-solid

ratio; (F) number of extraction cycles.

3.1.3. Effect of extraction time on the TTY

The influence of extraction time on the TTY is illustrated in Fig. 1C.
As the extraction time increased from 10 to 40 min, the TTY increased
from 20.86 + 0.85 to 33.63 + 0.53 mg/g. However, further prolonging
the extraction time led to a decrease in TTY, a pattern similar to that
observed in the UAE of triterpenoids from Hippophae rhamnoides L.
pomace [27]. The initial increase in TTY with increasing extraction time
could be attributed to the increased solvent-solute interaction, which
facilitated the release of more triterpenoid compounds from the plant
matrix. However, excessively long extraction periods led to increased
dissolved impurities and degradation of the target analytes, leading to
the observed decrease in TTY at extended time points [28]. Thus, the
optimal extraction time was considered to be 40 min.

3.1.4. Effect of extraction temperature on the TTY

The influence of the extraction temperature on the TTY is shown in
Fig. 1D. As the extraction temperature increased from 30 to 60 °C, the
TTY increased from 22.64 + 0.33 to 33.32 + 0.45 mg/g. However,
exceeding 60 °C during the extraction process led to a decrease in TTY. A
phenomenon akin to that also observed in the UAE of triterpenoids from
Boletus edulis [29]. The initial increase in TTY with increasing temper-
ature could be attributed to increased solvent penetration and improved
mass transfer kinetics, thereby facilitating the release of a greater
quantity of triterpenoid compounds from the plant matrix. Nevertheless,
excessively high extraction temperatures may have induced thermal
degradation of the targeted triterpenoids, culminating in the observed

Y = 35.85 — 1.79X; + 1.80X; — 1.60X5 — 1.19X, — 2.01X; X, — 0.8625X; X5 + 1.25X;X,
—3.64X,X3 + 2.38X,X, — 3.06X3X, — 3.04X? — 3.82X}% — 2.31X3 — 0.5564X3

decrease in TTY at elevated temperatures [29]. Thus, the optimal
extraction temperature was considered to be 60 °C.

3.1.5. Effect of the liquid-to-solid ratio on the TTY

The impact of the liquid-to-solid ratio on TTY is illustrated in Fig. 1E.
The TTY substantially increased from 20.65 + 0.46 to 34.41 + 0.75 mg/
g as the liquid-to-solid ratio increased from 10 to 25 mL/g, which was
attributed to the increased concentration gradient, which served as the

driving force for TTY mass transfer. However, further increases in the
liquid-to-solid ratio did not yield significant changes in TTY. A similar
trend was also reported for the UAE of triterpenoids from Jatropha curcas
leaves [8]. Moreover, owing to the potential increase in recovery costs
associated with a higher liquid-to-solid ratio, the optimal ratio was
determined to be 25 mL/g.

3.1.6. Effect of the number of extraction cycles on the TTY

The impact of the number of extraction cycles on TTY is illustrated in
Fig. 1F. As the number of extraction cycles increased from 1 to 2, TTY
significantly increased from 21.52 + 0.76 to 29.75 + 0.73 mg/g,
whereas further increasing the number of extraction cycles did not result
in a substantial increase in TTY. Considering both operational costs and
efficiency, the optimal number of extraction cycles was determined to be
2.

3.2. Optimization of the UAE parameters via RSM

3.2.1. Model fitting and statistical analysis

The data obtained under various conditions in the BBD are presented
in Table 1, which shows that the TTY ranged from 25.34 to 36.40 mg/g.
Multiple regression analysis was then conducted to examine the exper-
imental data, offering valuable insights for parameter optimization and
facilitating a comprehensive understanding of the intricate relationships
between the independent and dependent variables. The resulting model
employed a quadratic polynomial equation, as represented by Eq. (2).

@

The regression model was assessed for its fitness and adequacy
through ANOVA, with the results summarized in Table 2. The F value
(34.39) and p value (<0.0001) of the regression model suggested its high
significance, demonstrating the ability to adequately describe the re-
lationships between the independent variables and the response. The
“lack of fit” was deemed statistically insignificant relative to the pure
error, as evidenced by the F value (2.08) and p value (0.2506), sug-
gesting that there was a 13.35 % probability that a “lack of fit” F value



M. Hou et al.

Table 1
BBD and corresponding response values.
Run X1 (%) Xz (W) X3 (min) X4 (°C) Y (mg/g)
1 75 400 40 60 35.89
2 95 300 40 60 26.24
3 85 350 40 60 36.31
4 75 350 30 60 32.52
5 85 350 30 50 33.12
6 85 400 30 60 36.27
7 75 300 40 60 27.90
8 75 350 40 70 30.87
9 85 300 40 50 33.25
10 85 350 40 60 36.39
11 75 350 50 60 31.60
12 85 350 50 50 35.91
13 95 350 50 60 27.32
14 75 350 40 50 35.45
15 85 350 50 70 26.87
16 85 350 40 60 36.36
17 85 350 40 60 34.98
18 85 400 50 60 25.34
19 95 350 30 60 31.69
20 85 350 30 70 36.33
21 95 350 40 50 30.43
22 85 400 40 50 32.42
23 85 300 50 60 29.75
24 85 400 40 70 35.02
25 85 350 40 60 35.22
26 95 350 40 70 30.85
27 85 300 40 70 26.33
28 85 300 30 60 26.11
29 95 400 40 60 26.20

Note: X; — EtOH concentration; X, — ultrasonic power; X3 — extraction time; X4 —
extraction temperature; Y — total triterpenoids yield.

Table 2

ANOVA for quadratic model.
Source Sum of Squares df Mean Square F-value p-value
Model 408.46 14 29.18 34.39 < 0.0001
X, 38.52 1 38.52 45.41 < 0.0001
X5 38.74 1 38.74 45.66 < 0.0001
X3 30.88 1 30.88 36.40 < 0.0001
X4 17.06 1 17.06 20.11 0.0005
X1Xo 16.12 1 16.12 19.00 0.0007
X1X3 2.98 1 2.98 3.51 0.0821
X1X4 6.25 1 6.25 7.37 0.0168
XoXs3 53.07 1 53.07 62.56 < 0.0001
XoX4 22.66 1 22.66 26.71 0.0001
X3X4 37.52 1 37.52 44.22 < 0.0001
X% 60.05 1 60.05 70.78 < 0.0001
X3 94.79 1 94.79 111.73 < 0.0001
X3 34.58 1 34.58 40.76 < 0.0001
X% 2.01 1 2.01 2.37 0.1462
Residual 11.88 14 0.8484
Lack of fit 9.96 10 0.9960 2.08 0.2506
Pure error 1.92 4 0.4793
Cor total 420.34 28

Note: X; — EtOH concentration; X, — ultrasonic power; X3 — extraction time; X4 —
extraction temperature; df — degrees of freedom.

this large could occur be large due to the noise. The predicted R? of
0.8564 was in reasonable agreement with the adjusted R? of 0.9435
(with a difference of less than 0.2), confirming the consistency between
the predicted and experimental values [30]. The data exhibited excel-
lent fit and reproducibility as a result of the relatively low coefficient of
variability (C.V.% = 2.89) [28]. Additionally, X1, X, X3, X4, X2, X3, X3,
X1Xo, X1X4, XoX3, X2X4, and X3X4 demonstrated statistically significant
impacts on the TTY (p < 0.05).

3.2.2. Response surface analysis and numerical optimization
Three-dimensional (3D) surface plots and two-dimensional (2D)
contour plots provide a visually engaging depiction of how two
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independent variables interact and influence the dependent variable,
facilitating a comprehensive analysis while controlling all other factors
at a zero level. RSM analysis offers valuable insights, enabling the
identification of the optimal levels of each variable necessary to achieve
the maximum response value [31]. As indicated in Fig. 2, within the
scope of the study, TTY demonstrated significant sensitivity to Xy, Xo, X3,
and X4 (p < 0.05), in line with the ANOVA findings. As seen from the
steep 3D surface and noncircular 2D contour plots, the interactions
X1 X2, X1X4, X2X3, XoX4 and X3X4 also had a significant effect on TTY (p
< 0.05), indicating strong interdependencies between the independent
variables. However, it could be inferred from the relatively gentle 3D
surface and nearly circular 2D plot that the interaction effect of X;X3 on
TTY was not significant (p > 0.05), which was consistent with the results
of the ANOVA. The optimal combination of four variables for achieving
the maximum TTY through the numerical desirability function was
determined as follows: EtOH concentration 93.37 %; ultrasonic power
390.21 W; extraction time 30 min; and extraction temperature 70 °C.

3.2.3. Model validation

Given the requirements for operational maneuverability and control
precision, the efficacy of the predictive model was evaluated under
modified process parameters, including an EtOH concentration of 93 %,
an ultrasonic power of 390 W, an extraction time of 30 min, an
extraction temperature of 70 °C, a liquid-to-solid ratio of 25 mL/g, and 2
extraction cycles. The validation experiment was repeated three times,
yielding a TTY of 36.77 + 0.40 mg/g, which aligned well with the
predicted value of 36.90 mg/g. These results offered compelling support
for the practical utility of the prediction model advanced in this study.

Additionally, the TTY obtained from traditional heat reflux extrac-
tion was 24.13 + 0.63 mg/g, highlighting the effectiveness of UAE
technology. This increase can be attributed to ultrasonic cavitation,
which generates microbubbles that collapse violently, creating localized
high temperatures and pressures. This process disrupts plant cell walls
and enhances solvent penetration. Furthermore, the turbulence induced
by ultrasonic waves improves mixing and facilitates solvent distribution,
further enhancing extraction efficiency.

3.3. Enrichment of total triterpenoids

The elution profile depicted in Fig. 3 revealed that HyO, 30 % EtOH,
and 60 % EtOH exhibited limited efficacy in the elution of triterpenoids,
implying their potential effectiveness for the elimination of highly polar
impurities, such as phenolic compounds. In contrast, 90 % EtOH
demonstrated superior elution usefulness for triterpenoids, indicating its
suitability for targeted compounds recovery. The fraction corresponding
to the shaded region in Fig. 3 was collected, concentrated under reduced
pressure, and subjected to freeze-drying to obtain the TRF. Quantitative
analysis of the TRF revealed a satisfactory total triterpenoids recovery of
81.71 + 0.90 %, with the purity significantly increasing from 18.46 +
0.78 % to 73.27 + 0.84 %, highlighting the effectiveness of the
employed chromatographic separation strategy.

3.4. UPLC-ESI-QTOF-MS/MS analysis

A total of thirteen compounds, including eight pentacyclic triterpe-
noid acids, four chain fatty acids, and one alicyclic acid, were unam-
biguously confirmed or tentatively identified in TRF via UPLC-QTOF-
MS/MS (Table 3). Fig. 4 displays the overlapped EIC peaks of these
compounds, and their chemical structures are shown in Fig. S1. Com-
pound 1, with an [M—H] ™ ion at m/z 191.0571, produced a fragment ion
at m/z 85.0296 owing to the loss of 1,2,3-butanetriol, and it was iden-
tified as quinic acid [32]. Compound 2, with an [M—H]  ion at m/z
487.3425, produced fragment ions at m/z 469.3322 and 423.3253 and
was identified as tormentic acid, as reported in the literature [33].
Compounds 3 and 4, with [M—H]~ ions at m/z 471.3469 and 471.3470,
respectively, produced the fragment ions at m/z 453.3378 and 453.3368
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([M—H—H30] ") and were identified as pomolic acid and maslinic acid
by comparing their UPLC retention times (tg) and mass spectrometry
data with reference standards. Compound 5 was identified as 3-O-ace-
tylpomolic acid, with fragment ions at m/z 495.3474 [M—H—H0] ™ and
453.1395 [M—H—-H,0—-CyH0] ", as reported in the literature [34].
Compounds 7, 9, and 10 were identified as isomers with the chemical
formula C3gH4g03. The chemical structure of compound 7 exhibited
stability, and no MS/MS ions were detected under the given mass
spectrometry conditions, identifying it as betulinic acid by comparing its
tgr and mass spectrometry data with a reference standard. Compounds 9
and 10 produced fragment ions at m/z 407.3297 and 407.3320

[M—H-H>0—CH>0] ", and were identified as oleanolic acid and ursolic
acid, respectively, by comparing their tg and mass spectrometry data
with reference standards. Compound 8, with an [M—H] ™ ion at m/z
277.2185 and a fragment ion at m/z 59.0138, was tentatively identified
as y-linolenic acid, as reported in the literature [32]. Compound 12, with
an [M—H]  ion at m/z 497.3642, was identified as 3-O-acetylursolic
acid by comparing the reference standard. Compounds 6, 11, and 13
were identified as chain fatty acids, namely, 16-hydroxyhexadecanoic
acid, palmitic acid, and stearic acid, respectively, by comparing their
tg and mass spectrometry data to reference standards.

3.5. HPLC-QQQ-MS quantitative analysis

3.5.1. Establishment and verification of the quantitative method

The optimization of mobile phase composition, elution program, and
column type was conducted to achieve desirable chromatographic res-
olution for five triterpenoid compounds. The inherent structural stabil-
ity of triterpenoids prevents the generation of fragment ions, even at
high collision energies. Therefore, the SIM mode was utilized for the
quantification of triterpenoid compounds. Better ionization signals of
the five triterpenoid compounds were observed in negative mode. This
strategic approach involved selecting the [M—H] ™ ion at m/z 455.4 for
detecting betulinic acid, oleanolic acid, and ursolic acid. Similarly, the
[M—H]  ion at m/z 471.3 was used for the detection of pomolic acid and
maslinic acid. As shown in Table 4, the standard curves for these ana-
lytes demonstrated good linearity, with R? values greater than 0.99
across the tested concentration ranges. The RSDs of the intraday and
interday peak areas of the five analytes were all less than 5 %, indicating
that the method possessed good precision. The recovery rates of theses
analytes ranged between 97.94 + 2.17 % and 102.54 + 1.29 %,
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Table 3
Thirteen compounds in TRF were characterized using UPLC-QTOF-MS/MS.

Ultrasonics Sonochemistry 111 (2024) 107136

Peak No. tg (min) Identification [M—H]™ (m/2) Error (ppm) Molecular formula MS/MS (m/z)
1 0.631 Quinic acid 191.0571 5.23 C7H1206 85.0296
2 1.620 Tormentic acid 487.3425 -0.82 C30H4805s 469.3322, 423.3253
3# 3.395 Pomolic acid 471.3469 —2.33 C30H4g04 453.3378, 407.3340, 451.3223
4* 3.828 Maslinic acid 471.3470 —-2.12 C30H4g04 453.3368, 407.3320
5 8.099 3-0-Acetylpomolic acid 513.3584 -0.19 C32Hs5005 495.3474, 453.1395
6" 8.186 16-Hydroxyhexadecanoic acid 271.2281 1.11 C16H3203 —
7* 8.519 Betulinic acid 455.3530 -0.22 C30H4g03 —
8 8.563 v-Linolenic acid 277.2185 4.33 Ci18H3002 59.0138
o 9.279 Oleanolic acid 455.3533 0.44 C30HagO3 407.3297
10%# 9.615 Ursolic acid 455.3524 —-1.54 C30H4g03 407.3320
11%# 13.159 Palmitic acid 255.2331 0.39 C16H3202 —
12%# 14.440 3-0-Acetylursolic acid 497.3642 1.21 C32Hs004 -
13%# 15.814 Stearic acid 283.2641 -0.71 C18H3602 -
Note: tg — retention time; * — identification through comparison with standards.
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Fig. 4. The overlapped EIC peaks of identified compounds.

Table 4
Method validation for simultaneous quantification of five triterpenoid compounds and their contents.
Compounds tr Regression R? Linear range LOD (ng/ LOQ (ng/ Precision (RSD, %) Recovery Content (%)
(min) equation (pg/mL) mL) mL) Intraday  Interday (%) BE AE
Pomolic acid 6.46 ¥ = 298547x- 0.9976 0.05 - 1.0 1.24 4.39 2.65 3.86 98.75 + 2.56 0.63 + 3.05 +
1267 0.05 0.16
Maslinic acid 7.87 y = 587231x- 0.9984 0.05 — 1.0 0.15 0.56 3.22 4.71 102.54 + 0.18 + 1.14 £
9280 1.29 0.03 0.07
Betulinic acid 10.81 ¥y = 1224896x- 0.9990 0.05 - 1.0 0.08 0.28 1.91 1.83 97.94 +£ 2.17 0.29 + 1.92 +
21975 0.03 0.11
Oleanolic 11.32 ¥ = 439146x- 0.9992 0.2 — 10.0 0.27 0.90 3.56 4.49 98.65 + 3.70 6.14 + 28.21 +
acid 1064 0.16 0.62
Ursolic acid 11.87 y = 392528x + 0.9991 0.2 - 10.0 0.32 1.25 2.15 4.80 99.92 + 2.61 5.38 + 26.53 +
4627 0.21 0.49

Note: tg — retention time; LOD - limit of detection; LOQ - limit of quantification; AE — after enrichment; BE — before enrichment.

reflecting excellent accuracy.

3.5.2. Quantification of five triterpenoid compounds

The developed HPLC-QQQ-MS method enabled the simultaneous
quantification of five pentacyclic triterpenoid compounds (pomolic
acid, maslinic acid, betulinic acid, oleanolic acid, and ursolic acid). The
SIM signals for the five triterpenoid standards are displayed in Fig. 5A,

while Fig. 5B and 5C illustrate the SIM signals for these compounds in
the TRF. As shown in Table 4, after enrichment via X-5 resin column
chromatography, the contents of five triterpenoid compounds increased
4- to 7-fold, with betulinic acid experiencing the greatest increase by a
factor of 6.62, followed by maslinic acid, with a 6.33-fold increase. The
overall content of these compounds increased nearly 5-fold after
enrichment. The results illustrated that the adsorptive enrichment
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Fig. 5. (A) The SIM signals for the five triterpenoid standards; (B) The SIM signals for pomolic acid (peak 1) and maslinic acid (peak 2) in TRF; (C) The SIM signals for

betulinic acid (peak 3), oleanolic acid (peak 4), and ursolic acid (peak 5) in TRF.

method established in this work was efficient in enriching triterpenoids
from C. speciosa leaves.

3.6. Protection of TRF against ulcerative colitis in mice

The therapeutic efficacy of TRF in treating ulcerative colitis in mice
was evaluated, with the ulcerative colitis mouse model and drug

administration protocol shown in Fig. 6A. As depicted in Fig. 6B, the
body weight gradually increased over time in the normal group (106.24
+ 2.32 %). In contrast, the model group exhibited significant body
weight loss (84.35 + 3.41 %), whereas TRF noticeably alleviated the
weight loss trend in ulcerative colitis mice. A significant difference was
observed in the DAI scores depicted in Fig. 6C, with the model group
showing higher scores than the other groups from days 4 to 9; however,
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Fig. 6. Protection of TRF against ulcerative colitis in mice. (A) Experimental design diagram; (B) Daily bodyweight changes of mice; (C) DAI scores of mice in each
group; (D) Representative colon tissue images of mice in each group; (E) Histogram of colon length of mice in each group; (F) Histogram of spleen index of mice in
each group; (G) Histological scores determined from H&E-stained colons of mice in each group; (H) Representative H&E staining images of colon tissues from mice in
each group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to the model group.

the TRF treatments significantly reduced the DAI scores, indicating a
promising therapeutic effect. After the mice were euthanized on the
10th day, their colon and spleen tissues were also analyzed. As shown in
Fig. 6D and E, the colon length of the drug intervention groups was
notably longer than that of the model group, indicating that TRF had a
beneficial inhibitory effect on the characteristic colon shortening typi-
cally observed in DSS-induced ulcerative colitis. Moreover, the spleen
index of each group was detected. As shown in Fig. 6F, the spleen index
of the model group was significantly greater than that of the normal
group, indicating that DSS treatment caused severe inflammation,

whereas TRF treatment markedly reduced the spleen index, indicating a
great alleviation of inflammation. Fig. 6G presents the histological
scores derived from the results of H&E staining (Fig. 6H). Compared
with normal group, the colonic tissues of DSS group exhibited inflam-
mation characterized by colonic epithelial damage, infiltration of
various inflammatory cells, and reduced numbers of mucin-secreting
goblet cells. The crypt integrity in the TRF treatment groups was supe-
rior to that in the DSS group, suggesting that TRF could improve
symptoms of colonic inflammation. It could be inferred that the thera-
peutic effectiveness of TRF in treating ulcerative colitis was primarily
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attributed to its principal bioactive components, oleanolic acid, and
ursolic acid. Oleanolic acid has been demonstrated to ameliorate DSS-
induced ulcerative colitis in mouse model by restoring the dysregu-
lated balance between Th17 and Treg cells, as well as by inhibiting the
NF-kB signaling pathway [35]. Complementarily, ursolic acid has been
shown to modulate the intestinal microbiota composition and suppress
inflammatory cell infiltration, thereby effectively preventing the
development of ulcerative colitis in mice [36].

4. Conclusions

The present work is the first to recover triterpenoid compounds from
C. speciosa leaves via UAE coupled with adsorptive enrichment,
demonstrating the effectiveness and feasibility of this green strategy.
The optimal UAE parameters were meticulously established through
RSM, culminating in a commendable yield of total triterpenoids of 36.77
+ 0.40 mg/g. After one-step enrichment via X-5 resin column chroma-
tography, the content of total triterpenoids in the C. speciosa leaves
extract increased from 18.46 + 0.78 % to 73.27 + 0.84 %. Thirteen
components in TRF, including eight pentacyclic triterpenoid acids, four
chain fatty acids, and one alicyclic acid, were identified through
UPLC-QTOF-MS/MS. Five major triterpenoid compounds were quanti-
fied simultaneously using the developed HPLC-QQQ-MS method,
providing a reliable approach for the quality control of TRF. Further-
more, a pharmacological study showed that TRF was able to effectively
protect against DSS-induced ulcerative colitis in mice. In summary, this
study will contribute to improving the utilization of C. speciosa leaves,
thereby bringing additional medicinal value.
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