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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Yeonhwa Park Phytosterol organic acid esters are important food resources and the components of biomembrane structure. Due

to the lack of extraction and synthesis techniques, more research has been focused on phytosterols, and the

Keywords: research on phytosterol acid esters have encountered a bottleneck, but phytosterol acid esters confer substantial
Phytosterol leSters benefits to human health. In this study, stigmasteryl vanillate (VAN), stigmasteryl protocatechuate (PRO) and
Stigmasterols

stigmasteryl sinapate (SIN) were prepared through the Steglich reaction. The processes are promotable and the
products reach up to 95% purity. In addition, their stability was evaluated by differential scanning calorimetry
and thermogravimetric analysis. HPLC analysis revealed an enhancement in water solubility after esterification
with phenolic acid. In an in vitro digestion model, the bioaccessibility of stigmasteryl phenolates was significantly
higher than that of stigmasterols (STIs). Regarding the anti-inflammatory properties, VAN, PRO, and SIN exhibit
superior effects against TNF-a induced pro-inflammatory responses compared to STI. All stigmasteryl phenolates
supplementation increased the ATP production, the basal, and maximal oxygen consumption rate in mito-
chondrial stress test. Overall, we present a synthesis method for stigmasteryl phenolates. It will contribute to the
development and research of phytosterol acid ester analysis, functions and utilization in food. Moreover, the
nutrient-stigmasterol hybrids tactic we have constructed is practical and can become a targeted mitochondrial
delivery strategy with enhanced anti-inflammatory effects.

Phenolic acids

Steglich reaction
Anti-inflammatory
Mitochondrial delivery strategy

1. Introduction grain and plant seeds, such as soybean, olive, cotton seed, lotus seed,

coconut, safflower, and peanut oil (Broughton and Beaudoin, 2021;

Phytosterols are important micronutrients, which cannot be syn-
thesized by the human body, often added to orange juice, low-fat yogurt,
chocolate and milk as dietary supplements to ensure human health
(Andreasen et al., 2001; Zhang et al., 2022). Phytosterol esters are the
forms of phytosterols present in natural plants, accounting for approx-
imately 30-80% of the total sterol content, and are mostly distributed in

Cercaci et al., 2003; Flakelar et al., 2017).

Due to its easier absorption and utilization by the human body,
phytosterol esters has received widespread attention in the food industry
since 1995 (Clifton et al., 2004). In recent years, the research on
phytosterol organic acid esters has also received increasing attention
(Liuetal., 2021; Zheng et al., 2013). Scholars have attempted to prepare

Abbreviations: STI, stigmasterol; VAN, stigmasteryl vanillate; PRO, stigmasteryl protocatechuate; SIN, stigmasteryl sinapate; DMAP, 4-dimethylamino pyridine;
DIC, N,N'-diisopropylcarbodiimide; DCC, dicyclohexylcarbodiimide; HPLC, high performance liquid chromatography; HRMS, high resolution mass spectrum; FTIR,
Fourier transform infrared spectroscopy; NMR, nuclear magnetic resonance; TGA, thermogravimetric analysis; DSC, differential scanning calorimetry; OCR, oxygen

consumption rate; SSF, simulated salivary fluid; SGF, simulated gastric fluid; SIF, simulated intestinal fluid.
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them using enzymatic methods (Schar et al., 2017), however, there are
still certain bottlenecks in preparation efficiency and product purity.
Stigmasterol (STI) is a steroid with high nutritional value that impacts
antioxidation, inflammation, cholesterol homeostasis, stress response,
and mitochondrial function (Jie et al., 2022). It demonstrates striking
effects on reducing intestinal cholesterol absorption and preventing
cardiovascular disease, cerebrovascular disease and age-related cogni-
tive decline (Rui et al., 2017). However, the limited water solubility of
phytosterols such as STI restricts their application (He et al., 2018;
Sakamoto et al., 2013; Witkowska et al., 2022). Still, as a cholesterol
analog, STI acts as an effective metabolic regulator (Di Trani et al.,
2022).

Phenolic acids are organic acids containing phenolic rings, derived
from plant directly, degradation of flavonoids in plants, and gut mi-
crobial flavonoid metabolism (Osborn et al., 2021). Phenolic acids have
extensive applications. As naturally abundant phenolic acids, vanillic
acid, protocatechuic acid, and sinapic acid have been comprehensively
studied. These three phenolic acids are naturally enriched in grain, fruits
and vegetables and provide cytoprotection (Andreasen et al., 2001; Dhar
et al., 2007; Juurlink et al., 2014; Tan and Shahidi, 2013). In particular,
they work synergistically with phytosterols to inhibit lipid peroxidation,
regulate the lipids profile, endoplasmic reticulum stress response, and
mitochondrial function in cells (Ashokkumar and Vinothiya, 2023; He
et al.,, 2018; Mohan et al., 2023). They also have anti-inflammatory,
cardioprotective, and neuroprotective effects (Li et al., 2023; Semam-
ing et al., 2014; Winter et al., 2017; Yalameha et al., 2023). Further, due
to its molecular weight and brain barrier permeability, these dietary
phenolic acids are considered to have peroxynitrite scavenging activity
against diseases involving peroxynitrite (Niwa et al., 1999), and have
cerebral benefits (Karakida et al., 2007). Therefore, natural products are
considered to be added in food systems, such as oil industry, and the
changes in lipid composition are very closely related to inflammation
(Andersen, 2022). However, the solubility of sterols is limited, the in-
dependent addition of phenolic acids will lead to flocculent precipita-
tion, and the system is not stable, so it is urgent to apply the
derivatization of sterols and phenolic acids (Amaral et al., 2003; Tai
et al., 2018).

Owing to the biological activity of molecules containing stigmasterol
or phenolic acid in many areas of chemistry, we aimed to synthesize
sterol ester by incorporating phenolic acid into stigmasterol. This im-
proves the physical and chemical properties of compounds, such as
water solubility. More importantly, phenolic acids regulate the molec-
ular conformation of stigmasterol and enhance its biological potency.
Motivated by the potential benefits, the objective of this research was to
design and prepare three novel compounds: stigmasteryl vanillate,
stigmasteryl protocatechuate, and stigmasteryl sinapate, which were
synthesized by screening condensation reagents, catalysts, solvents, and
reaction times. Direct condensation with DCC and DMAP produced
stigmasteryl vanillate, stigmasteryl protocatechuate, while stigmasteryl
sinapate were prepared through a protection, esterification, and potas-
sium carbonate deprotection process. The reagents used in the process
are non-toxic and required in low amounts, making the synthesis safer.
NMR spectra revealed the prepared sterol esters achieved high purities
up to 95%. We investigated the physical properties and bioaccessibility
of these new sterol-phenolic acid conjugates in order to expand their
applications from mitochondrial function, anti-inflammatory and
resource utilization perspectives.

2. Materials and methods
2.1. Materials

Stigmasterol, triethylamine, acetic anhydride, vanillic acid, proto-
catechuic acid and sinapic acid were purchased from Energy Chemical

(Anhui, China). 4-(dimethylamino) pyridine (DMAP) was purchased
from Alfa Aesar (Beijing, China). Dicyclohexylcarbodiimide (DCC) was
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purchased from Heowns (Tianjin, China). Potassium carbonate (KoCO3)
was purchased from Macklin (Shanghai, China). All other common re-
agents were of analytical grade. Flash chromatography was performed
using silica gel (300-400 mesh) from Qingdao Ocean Chemical.

2.2. Preparation of esterification of stigmasterol

The preparation strategy of VAN, PRO and SIN were shown in Fig. 1.
Initially, synthesizing the three novel compounds is quite challenging.
To optimize the synthesis and achieve high yields, extensive efforts were
undertaken to methodically evaluate various reaction parameters,
including: types of reagents, reagent dosages, catalysts, reaction tem-
peratures, solvent selections and reaction time (Supplementary
Tables S1-S3).

As shown in Supplementary Table S1, we first evaluated a series of
commonly used condensation agents were evaluated. No product was
generated until DCC (dicyclohexylcarbodiimide) and DIC (N, N'-diiso-
propylcarbodiimide) was employed (entries 1-3). Then, inspired by
previous reports (Fu et al., 2014; Jia et al., 2019; Winkler-Moser et al.,
2015), we reduced the starting reaction temperature to 0 °C and
increased the yield (entries 4-5). We also screened other solvents (en-
tries 6-8) and different reactant ratios (entry 7, 9). Finally, the opti-
mized condition was obtained with higher yields (entry 9). The specific
preparation steps are shown in Supporting Information.

Based on the conditions that synthesized stigmasteryl vanillates, we
chose to use DCC as a condensation agent for the synthesis of stigmas-
teryl protocatechuate. As shown in Supplementary Table S2, various
solvents were screened based on reactant solubility while no satisfied
yield was obtained (entries 1-4). Then we increased the DCC equivalent
and reduced the DMAP equivalent, obtaining a 36% yield (entry 5). The
absence of DMAP decreased the yield slightly (entry 6). Furthermore, a
lower yield was obtained when the reaction proceeded directly at room
temperature (entry 7).

The phenolic hydroxyl group of sinapic acid readily underwent
esterification with the carboxyl group, so direct esterification did not
produce stigmasteryl sinapates. Therefore, we had to protect the hy-
droxyl group of the phenolic acid first. The protected phenol hydroxyl
group was deprotected after esterification. As shown in Supplementary
Table S3, Tol/THF (1:1) was later examined to reach higher yield, likely
due to the solubility of the sinnapic acid (entries 1-4). Then, adjusting
the equivalents of DCC and DMAP (entries 5-7) yielded the best result of
73%.

2.2.1. Synthesis of stigmasteryl vanillate (VAN)

The specific preparation steps are as follows: Vanillic acid (126.1 mg,
0.75 mmol) and stigmasterol (206.3 mg, 0.5 mmol) were dissolved in 15
mL of DCM/THF (1:1) solution at O °C. Add the DCC (154.7 mg, 0.75
mmol) and stir for 15 min. After the complete dissolution of reactants,
DMAP (3.1 mg, 0.025 mmol) was added to the solution. The reaction
mixture was stirred at room temperature overnight, then filtered using a
funnel with G4 sintered disc to remove white precipitate. The filtrate
was extracted by EtOAc, washed with saturated aqueous NH4Cl and
brine, dried over anhydrous Na,SO, filtered, and the solvent was
evaporated under vacuum. The crude product was purified by column
chromatography (eluant: petroleum ether/ethyl acetate, 15:1. V/V) to
afford the product (53.4 mg, 19%) as a white solid.

2.2.2. Synthesis of stigmasteryl protocatechuate (PRO)

The specific preparation steps are as follows: To a solution of pro-
tocatechuic acid (154.1 mg, 1 mmol) and stigmasterol (412.7 mg, 1
mmol) in 15 mL of DCM/THF (1:1) at 0 °C was added DCC (453.9 mg,
2.1 mmol) in solution and stir for 15 min. After the complete dissolution
of reactants, DMAP (3.1 mg, 0.025 mmol) was added to the solution. The
reaction mixture was stirred at room temperature overnight, then
filtered using a funnel to remove white precipitate. The filtrate was
extracted by EtOAc, washed with saturated aqueous NH4Cl and brine,
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Fig. 1. Preparation of stigmasteryl phenolates. (A) Synthesis of esterification of stigmasteryl benzoate. Stigmasterol reacted with phenolic acid in the presence of
dicyclohexylcarbodiimide (DCC) and 4-dimethylamino pyridine (DMAP); (B) synthesis of ssterification of stigmasteryl styrylate. Step 1, sinapic acid was protected
with acetic anhydride (Acy0); step 2, stigmasterol reacted with protected sinapic acid in the presence of DCC and DMAP; step 3, deprotection with K;COs3.

dried over anhydrous NaySOy, filtered, and the solvent was evaporated
under vacuum. The crude product was purified by column chromatog-
raphy (eluant: petroleum ether/ethyl acetate, 20:1. V/V) to afford the
product (197.4 mg, 36%) as a pale-yellow solid.

2.2.3. Synthesis of stigmasteryl sinapate (SIN)

The phenolic hydroxyl group of sinapic acid readily underwent
esterification with the carboxyl group, so direct esterification did not
produce stigmasteryl sinapates. Therefore, we had to protect the hy-
droxyl group of the phenolic acid first. The protected phenol hydroxyl
group was deprotected after esterification.

For synthesis of protected sinapic acid: triethylamine (0.12 mL, 1.5
mmol) was added to a solution of sinapic acid (154.1 mg, 1 mmol) in 5
mL of DCM at 0 °C followed by dropwise addition of acetic anhydride
(0.15 mL, 1.5 mmol). Then DMAP (193.2 mg, 0.01 mmol) was added.
The mixture was stirred at 0 °C for 10 min, warmed to room temperature
slowly and stirred for 4 h at room temperature. Then 2 M HCl was slowly
added at 0 °C. The resulting solution was washed with saturated aqueous
NH4CI and brine. The organic layer was dried over anhydrous NasSOy4,
filtered and concentrated under reduced pressure to dryness to give the
product (202.2 mg, 76%) as a yellow solid.

For synthesis of protected stigmasteryl sinapate: To a solution of
protected sinapic acid (224.2 mg, 1 mmol) and stigmasterol (412.7 mg,
1 mmol) in 10 mL of Tol/THF (1:1) solution at 0 °C was added DCC
(453.9 mg, 2.1 mmol) in solution and stir for 15 min. After the complete
dissolution of reactants, DMAP (3.1 mg, 0.025 mmol) was added to the
solution. The reaction mixture was stirred at room temperature over-
night, then filtered using a funnel to remove white precipitate. The
filtrate was extracted by EtOAc, washed with saturated aqueous NH4Cl
and brine, dried over anhydrous NaySOy, filtered, and the solvent was
evaporated under vacuum. Purification over a silica gel chromatography
eluted with petroleum ether/ethyl acetate (15:1. V/V) gave the product
(482.5 mg, 73%) as a white solid.

For synthesis of stigmasteryl sinapate: To a stirred solution of above
product (660.1 mg, 1.0 mmol) in 5 mL of chloroform/methanol (2:1)
was slowly added K2COs3 (27.6 mg, 0.2 mmol). Then the mixture was
refluxed for 6 h. After cooling down to room temperature, solvent was
removed from the reaction mixture using rotary evaporator. The crude
product was extracted with EtOAc and washed with saturated aqueous
NH4Cl and brine, dried over anhydrous NasSO4, filtered, and the solvent
was evaporated under vacuum. The crude product was purified by silica
gel column chromatography eluted with petroleum ether/ethyl acetate
(15:1. V/V) to deliver the product (464.2 mg, 75%) as a white solid.

2.3. Characterization of products by HRMS, FTIR and NMR
2.3.1. HRMS analysis

High-resolution MS was conducted on a Bruker Daltonics Flex-
Analysis spectrometer (Bao et al., 2022).

2.3.2. FTIR analysis

The FTIR spectra were recorded using Nicolet IS10 FTIR spectro-
photometer (Thermo, USA). The scan times are 16 and the resolution is
4 cm™! with the spectral scanning scope for 400-4000 cm ",

2.3.3. NMR analysis

NMR spectra of pure VAN, PRO and SIN were recorded on Bruker
AVANCE 500 and Bruker AVANCE 600. Method was the previous re-
ports (Yu et al., 2023). Chemical shifts for protons are reported in parts
per million downfield from tetramethylsilane and are referenced to re-
sidual protium in the NMR solvent (CHCl3 = & 7.262). Chemical shifts
for carbon are reported in parts per million downfield from tetrame-
thylsilane and are referenced to the carbon resonances of the solvent
(CDCl3 = 8 77.0). Data are represented as follows: chemical shift, mul-
tiplicity (s = singlet, d = doublet, t = triplet, qQ = quartet, m = multiplet),
coupling constants in Hertz (Hz), integration.

2.4. HPLC analysis

The HPLC analysis was performed using a Shimadzu LC-20AT
equipped with an SPD-20A UV-detector (Yu et al., 2023). An Agilent
ZORBAX SB-C18 (250 x 4.6 mm) column was employed. The parame-
ters of Shimadzu HPLC system were listed as follows: wavelength: 270
nm (VAN, PRO and SIN) and 220 nm (STI), oven temperature: 30 °C,
solvent: methanol with 0.1% formic acid, flow: 1.0 mL/min, injection:
10 pL.

2.5. DSC analysis

The melting and crystallization characteristics of STI and three
stigmasteryl phenolates were determined by DSC. The samples were
dried under vacuum at 50 °C for 0.5 h. The 3.0-8.0 mg samples were
then transferred to a crucible and thermal analysis was performed using
a differential scanning calorimeter. All the samples were held for 5 min
at 25 °C, and then heated to 300 °C at a rate of 20 °C/min, cooled from
300 °C to 25 °C at a rate of 20 °C/min.

2.6. TGA analysis

STI and three types of stigmasteryl phenolates were weighed be-
tween 8.0 and 12.5 mg, and performed in a SDT-Q600 simultaneous
TGA/DSC series thermal analysis system (TA, USA). The dried samples
were heated at 20 °C/min up to 515 °C under inert atmosphere of N3 in a
flow rate of 120 mL/min.

2.7. Solubility test

0.1 g of STI or stigmasteryl phenolates were put into 10 mL of
deionized water. After ultrasonic dissolving for 8 h, the samples were
placed at 25 °C in a constant temperature water bath for 1 h. The upper
phase (50 pL) was pipetted and diluted in 10 mL of methanol. The water
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solubility was determined by comparing the chromatographic peak area
of the sample solution with that of the standard sample solution.

2.8. In vitro digestion

In vitro digestion was performed according to the INFOGEST 2.0
method reported by Brodkorb (Brodkorb et al., 2019). Briefly, 5 mg of
samples and 5 mL of deionized water were transferred to a volumetric
flask and 5 mL of oral digestive fluid, containing simulated salivary fluid
and CaCly. The solution was incubated at 37 °C in a magnetic stirrer for
2 h. At the end of the oral digestion, transfer 5 mL of the oral digest
mixture to another volumetric flask and 5 mL of gastric digestive fluid
containing simulated gastric fluid, pepsin, HCl and CaCl,. Then, the
solution was incubated at 37 °C in a magnetic stirrer for 2 h. Next,
transfer 5 mL of the gastric digestive products to another volumetric
flask and 5 mL of intestinal digestive fluid containing simulated intes-
tinal fluid, trypsin mixture, bile, NaOH and CaCl,. And the solution was
incubated at 37 °C in a magnetic stirrer for another 2 h. After completion
of the intestinal digestion, the reaction was terminated by the addition
of NaOH solution to pH 7.0. The final mixture was divided equally into
two parts. One part was centrifuged at 10,000 rpm for 15 min at 4 °C,
and the upper layer was used as the supernatant; the other part was used
as the digestion solution without further processing.

All samples were analyzed by HPLC. Bioaccessibility (B) of samples
in a simulated digestive system was calculated using the following
equation:

A
B:A— x 100%

d

where Ay is the peak areas of supernatant, Ay is the peak areas of
digestion solution.

2.9. Cell culture and treatment

The renal proximal tubular cell, human kidney 2 cells (HK-2) were
purchased from the national experimental cell resource sharing platform
at Peking Union Medical College. The human embryonic kidney cells
(HEK-293), murine colon carcinoma cells (MC-38) and HeLa cells were
gifted from Dr Hou’s Lab. Cells were cultured according to the previous
study (Yang et al., 2019). The pro-inflammatory cytokines, 200 ng/mL
tumor necrosis factor alpha (TNF-a) (Solarbio, PRC) were to induce
acute renal inflammatory response in HK-2 cells (Lee et al., 2017). The
CCK-8 kit (Solarbio, PRC) were used to the assessment of cell viability.

2.10. Measurement of oxygen consumption rate

The measurement of oxygen consumption rate (OCR) was measured
using a Seahorse XF96 Extracellular Flux Analyser (Seahorse Bioscience,
Agilent Technologies, Santa Clara, CA), and Seahorse XF Cell Mito Stress
Test Kit (103,015-100; Seahorse Bioscience). The OCR and ATP pro-
duction detection of HK-2 cells was according to the protocol (Gu et al.,
2020). The OCR changes of HK-2 cells were measured after 24h treat-
ment of 20 pM STI, and three stigmasteryl phenolates.

3. Results and discussions
3.1. Structural analysis of products

The preparation strategy of VAN, PRO and SIN were shown in Fig. 1,
and all of the purified components were analyzed by HRMS, FTIR, and
NMR and the results were listed as follow:

For VAN, HRMS (ESI) m/z calcd for C37H5504 [M + H]": 563.4094;
found 563.4095. FTIR (v, cm—1): 3521, 2936, 2867, 1707, 1593, 1514,
1463, 1434, 1368, 1289, 1222, 1104, 1028.'H NMR (500 MHz,
Chloroform-d) 6 7.64 (dd, J = 8.3, 1.9 Hz, 1H), 7.54 (d, J = 1.9 Hz, 1H),
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6.93 (d, J=8.3 Hz, 1H), 6.00 (s, 1H), 5.41 (dd, J = 5.0, 2.0 Hz, 1H), 5.16
(dd, J=15.1, 8.7 Hz, 1H), 5.02 (dd, J = 15.1, 8.7 Hz, 1H), 4.83 (dtd, J =
16.3, 8.5, 4.5 Hz, 1H), 3.95 (s, 3H), 2.45 (d, J = 8.0 Hz, 2H), 2.08-1.88
(m, 5H), 1.77-1.67 (m, 2H), 1.60-1.35 (m, 9H), 1.29-1.13 (m, 6H),
1.09-0.98 (m, 9H), 0.87-0.77 (m, 9H), 0.71 (s, 3H). 13C NMR (126 MHz,
Chloroform-d) 4 165.8, 149.8, 146.1, 139.7, 138.3, 129.3, 124.1, 123.0,
122.7,113.9,111.7, 74.4, 56.8, 56.1, 55.9, 51.2, 50.1, 42.2, 40.5, 39.6,
38.3, 37.1, 36.7, 31.9, 31.9, 28.9, 27.9, 25.4, 24.4, 21.2, 21.1, 21.0,
19.4,19.0, 12.2, 12.0.

For PRO, HRMS (ESI) m/z caled for C3gHs304 [M + H]': 549.3938;
found 549.3934. FTIR (v, cm™)): 3467, 3366, 2953, 2025, 2852, 1682,
1607, 1442, 1291, 1234, 1166, 1102.'"H NMR (600 MHz, Chloroform-d)
8 7.60-7.56 (m, 2H), 6.90 (d, J = 7.9 Hz, 1H), 5.78 (s, 1H), 5.56 (s, 1H),
5.41 (s, 1H), 5.19-5.12 (m, 1H), 5.05-4.98 (m, 1H), 4.83-4.77 (m, 1H),
2.44 (d, J = 8.2 Hz, 2H), 2.07-1.88 (m, 6H), 1.74-1.66 (m, 2H),
1.55-1.41 (m, 6H), 1.32-1.12 (m, 11H), 1.08-1.00 (m, 7H), 0.87-0.78
(m, 9H), 0.70 (s, 3H). 13CNMR (126 MHz, Chloroform-d) § 165.8,148.3,
142.8, 139.7, 138.3, 130.0, 123.8, 123.5, 122.8, 117.2, 114.8, 75.0,
56.8, 55.9, 51.2, 50.1, 42.2, 40.5, 39.6, 38.2, 37.0, 36.7, 31.9, 31.9,
29.8, 28.9, 27.9, 25.4, 24.8, 24.4, 21.2, 21.1, 21.0, 19.4, 19.0, 12.2,
12.0.

For SIN, HRMS (ESI) m/z caled for C49HsgKOs [M + K]': 657.3916;
found 657.3920. FTIR (v/cm™1): 3413, 2939, 2866, 1700, 1636, 1595,
1517, 1459, 1278, 1175, 1114, 1019, 971, 826, 725.'H NMR (500 MHz,
Chloroform-d) 6 7.58 (d, J = 15.8 Hz, 1H), 6.77 (s, 2H), 6.29 (d, J = 15.9
Hz, 1H), 5.77 (s, 1H), 5.40 (d, J = 5.0 Hz, 1H), 5.15 (dd, J = 15.2, 8.6 Hz,
1H), 5.01 (dd, J = 15.2, 8.5 Hz, 1H), 4.80-4.69 (m, 1H), 3.91 (s, 6H),
2.40 (s, 2H), 2.09-1.85 (m, 5H), 1.76-1.38 (m, 12H), 1.34-0.93 (m,
18H), 0.90-0.76 (m, 10H), 0.70 (s, 3H). 3C NMR (126 MHz,
Chloroform-d) § 166.5, 147.2, 144.7,139.7, 138.3, 137.0, 129.3, 126.0,
122.7,116.5, 105.0, 73.9, 56.8, 56.3, 55.9, 51.2, 50.0, 42.2, 40.5, 39.6,
38.3, 37.0, 36.6, 31.9, 28.9, 27.9, 25.4, 24.3, 21.2, 21.1, 21.0, 19.3,
19.0, 12.2, 12.0.

Theoretically, the relative molecular mass of VAN was 562.4022,
PRO was 548.3866, and SIN was 618.4284. Thus, the protonated mo-
lecular ion [M+H]" at M/z 563.4095 for VAN, the protonated molecular
jon [M+H]" at M/z 549.3934 for PRO and the potassium adduct mo-
lecular ion [M+K]* at M/z 657.3920 for SIN were observed under
positive-ion mode, respectively.

The IR spectra of STI, VAN, PRO and SIN are shown in Fig. 2, which
could provide evidence that the synthesized products were stigmasteryl
esters. Compared with STI, a sharp absorption peak of C=0 of phenolate
appeared (1707 em ! for VAN, 1682 cm™! for PRO and 1700 cm ™ for
SIN), several absorption peak of phenyl group (1593 cm™! and 1514
em ™! for VAN, 1607 cm ™! for PRO, 1595 cm ! and 1517 cm ™! for SIN)
and an absorption peak of C-O-C appeared (1222 cm ™! for VAN, 1234
cm ! for PRO and 1175 cm ™! for SIN) prove the existence of these
phenolate groups. And a broad band around 3300-3500 cm ! represents
the remaining hydroxyl group in stigmasteryl phenolates.

The structures of stigmasteryl phenolates were further confirmed by
'H NMR and 3C NMR and NMR spectra of VAN, PRO and SIN were
displayed in the Supplementary data, respectively. The proton peaks at
8 7.64 (dd), 7.54 (d), 6.93 (d), 6.00 and 3.95 ppm indicated that VAN
was successfully produced. Similarly, the chemical shift of PRO at §
7.60-7.56 and 6.90 (d) proved that STI was conjugated with proto-
catechuic acid; the peak at & 7.58 (d), 6.77, 6.29 (d), 5.77 and 3.91
represented the formation of SIN. 13¢ NMR peak at 165.8, 165.8, 166.5
ppm indicated the formed C=0 bond in VAN, PRO and SIN, respectively.

3.2. Thermal analysis

The melting and crystallization properties of pure components are
depicted by the DSC thermograms in Fig. 3. VAN exhibited two endo-
thermic peaks at 118.6 °C (endothermic enthalpy AH = 30.82 J/g) and
259.6 °C (AH = 25.17 J/g) in the melting curve, likely representing the
melting of polycrystals with lower and higher melting points. Between
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Fig. 2. FT-IR spectra of (A) stigmasterol (STI); (B) stigmasteryl vanillate (VAN); (C) stigmasteryl protocatechuate (PRO); (D) stigmasteryl sinapate (SIN).
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Fig. 3. DSC curves for (A) stigmasterol (STI); (B) stigmasteryl vanillate (VAN); (C) stigmasteryl protocatechuate (PRO); (D) stigmasteryl sinapate (SIN).

the two melting peaks was a small exothermic peak at 152.8 °C,
respectively. Similarly, SIN showed two endothermic peaks at 101.6 °C
(AH = 15.15 J/g) and 152.3 °C (AH = 34.68 J/g), which might be
attributed to the melt mediated transformation of polymorph.

Interestingly, PRO exhibited one endothermic peak at 228.8 °C (AH =
66.62 J/g), probably indicating PRO’s melting peak. STI has one
endothermic peak at 171.1 °C (4H = 90.52 J/g).

Among the three synthetic substances, PRO and the stable crystalline
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form of VAN had the melting point at 213.8 °C and 241.6 °C, respec-
tively, higher than STI (167.7 °C). While the stable crystalline form of
SIN had a lower melting point of 132.9 °C than STI (167.7 °C).

3.3. Thermogravimetric analysis

The thermogravimetric curve of STI, VAN, PRO and SIN were shown
in Fig. 4. The initial decomposition temperature of STI was around
250 °C. The temperature at 98.1% mass loss was 385.3 °C, and the char
yield at 505.7 °C was 1.9%. For VAN, the temperature at 3.9 % mass loss
was 200.0 °C and the initial decomposition occurred around 260.0 °C.
The temperature at 75.4% mass loss was 420.0 °C, and the char yield at
506.3 °C was 14.8%. PRO initially decomposed around 200.0 °C. The
temperature at 96.9% mass loss was 504.7 °C, and the char yield at
505.8 °C was 3.0%. For SIN, the temperature at 3.4% mass loss was
150.0 °C and the initial decomposition was around 280.0 °C. The tem-
perature at 75.4% mass loss was 503.6 °C, and the char yield at 506.3 °C
was 8.7%. In this dimension, STI, VAN, PRO and SIN had maximum mass
loss rates at 380.9 °C, 364.0 °C, 377.1 °C and 377.8 °C, respectively.

3.4. Solubility assay analysis

Consistent with phytosterols, stigmasterols have a hydrophobic
cyclopentane polyhydrophenanthrene structure, resulting in STI's low
water solubility. We predicted that the introduction of phenolic acids
containing hydrophilic phenol-OH group by esterification could
improve its water solubility. As shown in Fig. 5A, the water solubilities
of STI, VAN, PRO and SIN were 0.03, 0.09, 4.73 and 1.49 mg/mL
respectively. The figure demonstrated that the introduction of phenolic
hydroxyl groups improved STI's water solubility. PRO’s solubility
remarkably increased to 4.73 mg/mL due to two hydrophilic hydroxyl
groups on its benzene ring, which also increased polarity. And the
benzene ring of the SIN carries two methoxy and one hydroxyl groups,
which also increases the polarity of the molecule. That is why SIN’s
solubility is increased to 1.49 mg/mL. Although VAN has a hydroxyl
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A Weight 83mg

100

380.9°C

Weight (%)

98.1% 10

Deriv. Weight (%/°C)

0 250 3% 400 ED
Temperature (°C)

C Weight: 12.2 mg PRO

o

il arr.1°c F2s
[0 ~
& o
g 2
£z s =
2w >
Q ([}
= 96.9% | [,,>
=
P 3

Fos

2]
| Foo

10 200 300 %0 5%
Temperature (°C)

Universal V4 SA TA Instruments.

Current Research in Food Science 8 (2024) 100702

group, the presence of the ortho-methoxy and para-ester groups results
in a balance of molecular polarity, leading to a slight change in its water
solubility. The solubility data obtained in this study may provide po-
tential application in food slike juice, tea, and emulsions.

3.5. In vitro bio-accessibility of stigmasteryl phenolates

To assess the endpoint products resulting from oral, gastric, intesti-
nal digestion and the release of stigmasteryl phenolates from the po-
tential food matrix, the bioaccessibility analysis was completed
according to a widely recommended method (Brodkorb et al., 2019). At
digestion’s end, as shown in Fig. 5B, the bioaccessibilities of VAN, PRO
and SIN were 93.2%, 91.2% and 94.1%, respectively, higher than STI's
83.4%. Higher bioaccessibility means easier digestion and transport in
the stomach and intestines. Although this paper did not carry out in vivo
experimental validation in mice, based on our in vitro observations,
stigmasteryl phenolates were clearly more readily digested and released
by artificial digestive fluid than STI, this would be very helpful as a
potential replacement for STI in foods such as fats, chocolate, energy
bars, etc.

3.6. Anti-inflammatory activity

The recommended dietary intervention for sterols in mice is 0.2 g/kg
bw (Wang et al., 2021a). Under this model for 14 weeks, the concen-
tration of stigmasterol in serum was 5 pg/mL (12 pM), and 6 pg/mL (15
pM) in the liver (Wang et al., 2021b). Thus, 0-100 pM concentration of
phytosterol acid esters were considered to study the role of cell viability
in HK-2 cells (Fig. 6A). Compared with STI, the VAN, PRO and SIN did
not show significant differences of cell viability in vitro. Multiple cell
lines were also considered to analyze the relationship between STI and
cell viability (Fig. 6B). When the concentration of stigmasterol was
below 20 pM,, it has little effect on the viability of different cell lines.
When the concentration of stigmasterol was above 50 pM, higher than
that of dietary exposure dose, there was a significant difference in its
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Fig. 4. Experimental mass fraction of stigmasterol (STI), stigmasteryl vanillate (VAN), stigmasteryl protocatechuate (PRO), stigmasteryl sinapate (SIN) from ther-

mogravimetric analysis.
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impact on the viability of different cell lines. As stigmasterol clearly has
anti-inflammatory properties (Morgan et al., 2021), here we used 20 pM
concentration of phytosterol acid esters, 200 ng/mL TNF-a and HK-2
cells (Huang et al., 2012; Wan et al., 2013) as the treatment and model to
evaluate the three new stigmasteryl phenolates (Lee et al., 2017),
comparing their anti-inflammatory properties to stigmasterol. The
approach was depicted in Fig. 6A. After 24 h treatment of TNF-a, the cell
viability was reduced by 36.14%. The 20 uM of STI treatment increased
the cell viability by 14.13%. Notably, stigmasteryl phenolates further
alleviated the TNF-a induced inflammatory response in this acute renal
inflammatory model. Compared to the TNF-a positive and STI groups,
the addition of 20 pM VAN, PRO, and SIN for 18 h could significantly
reduce the TNF-a induced toxicity, and the cell viability were kept at

82.13%, 88.78% and 83.24%, respectively (Fig. 6B). These results
indicate that stigmasterol and phenolic acid have a combined effect in
alleviating the TNF-a induced inflammatory response. In HK-2 cells,
VAN, PRO and SIN exhibited great anti-inflammatory properties than
STL.

3.7. The mitochondrial stress response

Seahorse analyses demonstrated that all stigmasteryl phenolates
supplementation increased the basal, maximal OCRs and ATP produc-
tion in HK-2 cells compared with that of control or STI conditions
(Fig. 7A-D). Besides, the PRO showed better mitochondrial respiratory
regulation property compared to VAN and SIN at the same dose
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inflammatory properties of the three novel stigmasteryl phenolates. Also, the nutrient-stigmasterol hybrids can be a potential low-toxic and stable targeted mito-

chondrial delivery strategy.

(Fig. 7A-D). Similar to previous studies, we did not find direct effects or
sufficiently significant differences (p < 0.05) of phytosterols on mito-
chondrial function under stress in normal cell culture conditions (Nas-
cimento et al., 2020). Although phytosterols are considered to be
resistant to oxidative stress and lipid peroxidation via estrogen receptor
mediated PI3K/GSK3 signaling (Shi et al., 2013), and increasing mito-
chondrial membrane potential under stress conditions (Wong et al.,
2016). Interestingly, previous studies highly recommend that phytos-
terols have a better effect to the mitochondrial function in low
glucose-containing medium (Nascimento et al., 2020). Notably, proto-
catechuic acid (Abdelmageed et al., 2021), sinapic acid (Cherng et al.,
2013), and vanillic acid (Chang et al., 2015) are associated with hypo-
glycemia, which is considered one reason for the improvement of
mitochondrial functional regulation by stigmasteryl phenolates. More
importantly, incorporation of phytosterols into mitochondrial mem-
brane are believed to enhance mitochondrial function by promoting
inner mitochondrial membrane fluidity (Shi et al., 2013; Wong et al.,
2016), so that the constructed nutrient-phytosterol conjugates could be
a low-toxic and stable targeted mitochondrial delivery strategy to
enhance mitochondrial function.

4. Conclusion

Motivated by the known bioactivities of stigmasterols and phenolic
acids, we utilized screening experiments to optimize their conjugation.
Three stigmasteryl phenolates were prepared: stigmasteryl vanillate
(VAN), stigmasteryl protocatechuate (PRO), and stigmasteryl sinapate
(SIN), which drive the analysis and preparation of phytosterol organic
acid esters in food and make their large-scale application in functional
research possible. The chemical structures of these new conjugates were
confirmed. The purity of these esters was about 95% by NMR. The di-
agram of the synthesis, physical, anti-inflammatory and mitochondrial
regulation properties of the three stigmasteryl phenolates was shown in
Fig. 7E. These results suggest that our synthesized stigmasteryl

phenolates improved digestibility and bioaccessibility in terms of
physical properties. More interestingly, the nutrient-stigmasterol hy-
brids tactic we have constructed is practical and can become a targeted
mitochondrial delivery strategy with enhanced anti-inflammatory ef-
fects, low toxicity, and stability, and is expected to achieve conversion in
food additives.
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