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ABSTRACT: Four peptides with ACE inhibitory activity from the edible fungus Flammulina velutipes were prepared
by proteolysis to develop high-activity functional peptides. Their secondary structures were analyzed by Fourier
transform infrared (FTIR) spectroscopy and Circular dichroism (CD). The effects of pH, temperature, metal ions and
gastrointestinal digestion on their ACE inhibitory activities were determined. Their antihypertensive effects were
evaluated by an H>O-induced oxidative stress injury, human umbilical vein endothelial cells (HUVECs) model. All
four peptides had relatively stable secondary structures. The peptides with sequences FDGY and FHPGY had similar
peak shapes but the FHPGY had the highest random coil content. The FAGGP peptide had a relatively flat peak shape
and a high random coil content. The WADP peptide had the highest B-sheet content, the lowest random coil content,
and the most stable secondary structure. The four peptides showed good resistance to pH and temperature changes, the
presence of metal ions and gastrointestinal digestion. FHPGY had good ACE inhibitory activity in all tested pH and
temperature ranges. Metal ions had the least effect on the ACE inhibitory activity of FHPGY. After gastrointestinal
digestion, the ACE inhibitory activity of FHPGY was above 95%. At concentrations up to 3 mM, the four F.
velutipes-derived ACE inhibitory peptides had no significant negative effect on HUVECS viability, while increasing
intracellular NO and SOD levels and reducing ET-1 and MDA production. The four peptides all had strong
antihypertensive effects. FHPGY increased the secretion of NO and reduced the ET-1 secretion of by 97.69% and
109.59%, respectively, of that of the positive control captopril, and appeared to have the potential to be developed into
an effective ACE inhibitory peptide for medicinal use.

Keywords: Flammulina velutipes; ACE inhibitory peptide; Human umbilical vein endothelial cells; structural
characterization; physicochemical properties; antihypertensive effect

1. Introduction

Hypertension is a chronic condition with a complex pathogenesis and is a major factor leading to
various cardiovascular diseases and renal failure'?l. The renin-angiotensin system (RAS) and
kallikrein-kinin system (KKS) are the primary regulators of blood pressurel>l. Angiotensin I-converting
enzyme (ACE) is a key focus for medications that lower blood pressure’. Its mechanism of action is to

catalyze the conversion of angiotensin I (Ang I) into the potent vasoconstrictor angiotensin II (Ang II).
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Therefore, inhibition of ACE can effectively reduce the production of Ang II, thereby achieving reduced
blood!”81.

Angiotensin I-converting enzyme inhibitor (ACEI) is bioactive compounds that can regulate blood
pressure by inhibiting ACE activity’; they can be obtained by isolation from food grade microorganisms or
by chemical synthesis. Synthetic drugs are extensively employed in the clinical treatment of hypertension
and other diseases, but they may also cause adverse reactions, such as dry cough, dizziness, and
angioneurotic edemal'®!!l. Angiotensin-converting enzyme inhibitory peptides (ACEIPs) have attracted
much attention in the development of functional foods because of their safety and ease of administration
through the daily diet!'?'¥l. To date, a variety of antihypertensive peptides have been obtained from different
sources, including soybean protein hydrolysates’, small-aroma chicken®, rice®, Tenebrio Molitor protein®,
etc. These bioactive peptides inhibit the activity of ACE and the conversion of Ang I to Ang II, thereby
effectively reducing blood pressure, and are therefore, a potential alternative to chemically synthesized
drugst”-1°1,

Flammulina velutipes is rich in nutrients such as protein, and a popular, commercially valuable
medicinal and edible fungus'?®??. ACEIPs have been isolated from a variety of edible fungi. For examples,
Zeng et al.’ and Cavenaghi et al.’ isolated and identified peptides with ACE inhibitory activity from the
hydrolysates of Morchella esculenta and Pleurotus eryngii, respectively. Song et al.’isolated and purified a
novel ACEIP, APPLRP from Grifola frondosa, and verified its antihypertensive activity in vivo in an Ang
II-induced hypertensive zebrafish model. However, although many bioactive peptides have been isolated
from various edible fungi, none have been developed into a functional peptide product. Research on new
ACEIPs derived from enzymic hydrolysates of edible fungi, such as F. velutipes is also limited. There is a
lack of research on the in vitro stability of ACEIPs and verification of their antihypertensive effects at the
cellular level. This limits their development into food-borne functional peptide products, resulting in the
potential value of F. velutipes protein not being fully developed and utilized.

Our laboratory previously isolated and identified four new ACEIPs (FAGGP, FHPGY, FDGY and
WADP) from an enzymic hydrolysate of F. velutipes protein’, and elucidated their molecular mechanism of
high blood pressure reduction, by in silico molecular docking. However, information on the secondary
structure, in vitro stability and antihypertensive efficacy of these peptides is still largely unknown.
Therefore, this study explored the effects of temperature, pH value and metal ions on the ACE inhibitory
activity of the peptides. Their stability in the digestive tract was evaluated by simulating the gastrointestinal
digestive environment in vitro, and their secondary structure was analyzed by Fourier transform infrared
(FTIR) spectroscopy and Circular dichroism (CD). The effects of ACEIPs on the secretion of intracellular
regulatory factors NO and ET-1, as well as changes of SOD activity and MDA content were determined
using a cellular model of oxidative stress injury. Their protective effect against oxidative damage to human

umbilical vein endothelial cells (HUVECs) and their hypotensive effects are discussed, to provide a
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theoretical basis for the development and utilization of functional peptide-containing foods derived from F.

velutipes.

2. Materials and Methods
2.1 Materials and reagents

F. velutipes ACEIPs (FAGGP, FHPGY, FDGY, WADP) were synthesized by Wuhan Dangang
Biotechnology Co., Ltd. (Wuhan, China), at >98% purity. Human umbilical vein endothelial cells
(HUVECs) and ECM complete medium were from Starfish Biotechnology Co., Ltd. (Suzhou, China).
Angiotensin Converting Enzyme (ACE) was from Solarbio Science & Technology Co., Ltd., (Beijing,
China). n-[3-(2-furylacryloyl)]-L-phenylalanyl-glycine-glycine (FAPGG), captopril, trypsin (4000 u/g),
pepsin (30000 u/g) and penicillin-streptomycin mixed solution were from Shanghai Yuanye Biotechnology
Co., Ltd. (Shanghai, China). 0.25% trypsin EDTA and the CCK-8 assay kit were from Beijing Lanjieke
Technology Co., Ltd. (Beijing, China).

2.2 Analysis of the secondary structure of ACEIPs from F. velutipes
2.2.1 Determination of FTIR

The secondary structure of ACEIPs from F. velutipes was determined by FTIR spectroscopy’.
Potassium bromide (100 mg) was ground in an agate mortar with freeze-dried synthetic peptide powder (1
mg), pressed into 1-2 mm sheets and immediately scanned 32 times in a Fourier transform infrared

! and the resolution was 4 cm’'. The

spectrometer. The scanning wavenumber range was 4000—400 cm’
spectrum was analyzed by PeakFit V4.12 software, and the relative content of each secondary structure was

calculated from the integrated peak areas.
2.2.2 Determination of CD

Each ACEIP, as a solution (0.2 mg/mL) in a 1 mm optical path quartz cuvette, was scanned over a
wavelength range of 190-260 nm, for circular dichroism determination. The secondary structures present in

each were determined and their relative content calculated.
2.3 Determination of ACE inhibitory activity

ACE inhibitory activity was determined as described previously’. FAPGG solution (1 mmol/L), ACE
solution (0.1 U/mL) and sample solution were prepared using HEPES buffer (pH 8.2, 80 mmol/L). The
assays were performed in 96-well plates, according to Table 1. The absorbance value at the wavelength of
340 nm at 37 °C and the absorbance value after 30 min of reaction were measured. The ACE inhibition
activity was calculated using equation (1):

ACE inhibition activity (%) = (1 — AA/AB) x 100 (1)

In the formula: AA (AA = Ai-Az) is the absorbance change value of the sample pore solution; AB (AB
= Bi1-B2) was the absorbance change value of the control pore solution. A1 and B1 were the absorbance
values measured at the wavelength of 340 nm. A2 and B2 were the absorbance values measured at the

wavelength of 340 nm after reacting for 30 min at 37 °C.
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Table 1. Determination of ACE inhibition rate

reagent A sample (uL) B control (uL)
ACE (0.1 U/mL) 10 10
FAPGG (1 mmol/L) 50 50
ACEI 40 0
HEPES buffer (80 mmol/L) 0 40

ACEI: F. velutipes ACEIPs

2.4 Stability of F. velutipes ACEIPs
2.4.1 Effect of pH on ACEIP structural stability

The secondary structural stability of ACEIPs was evaluated by determining changes in ACE inhibitory
activity under different pH conditions. The pH of each ACEIP solution (1 mg/mL, HEPES assay buffer) was
adjusted to 3, 5, 7, 9, or 11. After standing at room temperature for 1 h, the ACE inhibitory activity was

measured (Section 2.3).
2.4.2 Effect of temperature on structural stability

Changes in ACE activity were determined at different temperatures. Each ACEIP solution (1 mg/mL)
was placed in a water bath set to 4, 25, 37, 65, or 100 °C, for one hour. After cooling to room temperature,

the ACE inhibitory activity was determined.
2.4.3 Effect of metal ions on structural stability

Changes in ACE activity were determined in the presence of various metal ions. Each ACEIP solution
(1 mg/mL) was shaken and incubated for 1 hour at room temperature, with K*, Cu?*, Ca**, or Mg?* ions, at

concentrations of 2, 4, 6, 8, and 10 mmol/L. After incubation, the ACE inhibitory activity was measured.
2.4.4 Effects of simulated digestion in vitro on chemical and structural stability

Simulated gastric digestion: the pH of each ACEIP solution (I mg/mL) was adjusted to 2.0, then 2%
pepsin was added. After 1 h of reaction at 37 °C, the digestion was terminated by heating in a boiling water
bath for 10 min, cooling to room temperature and centrifugation at 10280 x g for 10 min, then the
supernatant was retained for determination of the ACE inhibitory activity.

Simulated intestinal digestion: the pH of each ACEIP solution (1 mg/mL) was adjusted to 8.0, then 2%
trypsin was added. After 1 h of reaction at 37 °C, the digestion was terminated by heating in a boiling water
bath for 10 min, cooling to room temperature and centrifugation at 10280 x g for 10 min, then the
supernatant was retained for determination of the ACE inhibition activity.

Simulated gastric digestion + intestinal digestion: each ACEIP solution (1 mg/mL) was subjected to
simulated gastric digestion, then to simulated intestinal digestion, both as described above. The supernatant

was retained for determination of the ACE inhibition activity.

2.5 Determination of the antihypertensive effect of ACEIPs using the H202-induced oxidative stress injury
cellular model

2.5.1 HUVEC:s toxicity determination
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HUVECs were cultured in ECM complete medium in an incubator at 37 °C and 5% COz. During cell
culture, the cell state was monitored, the medium removed every 2-3 days, the cells rinsed with PBS buffer
three times and fresh medium added.

When the cell confluence reached 80%, the cells were digested with trypsin, washed and resuspended
in ECM complete medium. The cells were inoculated into 96-well plates (5 x 10° cells/well, 100 uL) for
culture. After 24 h, the medium was discarded, and each peptide (FAGGP, FHPGY, FDGY, WADP) at
different concentrations (0, 0.125, 0.5, 1, 2 and 3 mM), in serum-free ECM medium (100 puL) was added to
each well. The effect of ACEIPs on the viability of HUVECs was determined using CCK-8.

2.5.2 Establishment of oxidative stress injury cell model

HUVECs were seeded in 96-well plates (5 x 10° cells, 100 puL/well). After 24 h, the old medium was
discarded, and H20: solution (100 pL, serum-free medium configuration) with a final concentration of 0,
100, 300, 500, 700, 900, 1000 and 1100 uM was added to each well instead of serum-free ECM medium.
Five replicate wells were set up at each concentration, and the cells were cultured for 24 h or 48 h. The old
medium was removed, and the effect of H202 on the viability of HUVECs was evaluated using a CCK-8
assay Kkit.

2.5.3 Determination of nitric oxide (NO) content

HUVECs were inoculated into 6-well plates (2 x 10° cells, 2.5 mL/well). After culture in ECM
complete medium for 24 h, the culture medium was discarded. The test conditions were as follows:

Blank control group: HUVECsS cultured in serum-free ECM.

Model group: HUVECs cultured in 900 uM H20:2 (H20: solution instead of serum-free medium).

Positive control group: After HUVECs were cultured in 900 uM H202, 3 mM captopril solution was
added for further culture.

Experimental group: HUVECs were cultured in 900 uM H202, and different concentrations (1, 2 and 3
mM) of each peptide (FAGGP, FHPGY, FDGY, WADP) were added for further culture.

After incubation, the supernatant was collected from each well, then the NO content of the supernatant
was determined using an NO assay kit (Shanghai Preferred Biotechnology Co., Ltd., Shanghai, China). All

the assay kits used on these samples were used according to the manufacturer’s instructions.
2.5.4 Determination of Endothelin-1 (ET-1) content

After incubation as described in Section 2.5.3, the ET-1 content of the sample supernatant was

determined using an ET-1 ELISA kit (Solarbio Science & Technology Co., Ltd., Beijing, China).
2.5.5 Determination of malondialdehyde (MDA) content

After incubation as described in Section 2.5.3, the content of MDA in the sample supernatant was

determined using an MDA assay kit (Solarbio Science & Technology Co., Ltd., Beijing, China).

2.5.6 Determination of superoxide dismutase (SOD) content
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After incubation as described in Section 2.5.3, the SOD content of the sample supernatant was

determined using the SOD assay kit (Solarbio Science & Technology Co., Ltd., Beijing, China).
2.6 Data analysis

Each experiment was performed in triplicate and the results are expressed in the form of mean + SD.
One-way analysis of variance (ANOVA) was performed using Duncan’s multiple comparison test and IBM
SPSS Statistics 27. When P < 0.05, the difference was considered statistically significant and Origin 2021

was used for data processing.

3. Results and Discussion
3.1 Secondary structure analysis of ACEIPs from F. velutipes
3.1.1 FTIR analysis

Different protein functional groups selectively absorb different infrared wavelengths, resulting in
different characteristic absorption peaks>>*?l. The peak at 16001700 cm™ is the amide I band (Amide I),
which is the most informative peak for analyzing the secondary structure of peptides’. The signal is mainly
derived from the stretching vibration of the C=O group in the peptide bond. The relative content of
secondary structural elements such as a-helix and B-sheet in a peptide can be accurately quantified by
analyzing the spectral characteristics of the amide I band in the 1600—1700 cm! range’.

The four peptides had absorption peaks in the characteristic peptide functional group regions (Fig. 1).

! are characteristic of the stretching vibration of hydroxyl-OH or amino-NH,

The peaks around 3416 cm”
which indicate the presence of hydroxyl or amino hydrogen bonds in the peptide molecule. The peak around
3083 cm’! is characteristic of the C-H stretching vibration, indicating the presence of alkyl groups. The
strong peak at 1674 cm! is characteristic of the carbonyl C=O stretching vibration and corresponds to the
amide I band. The strong peak at 1513 cm™ is characteristic of the N-H bending vibration of the peptide
bond (Amide II). The peak around 1206 cm! is characteristic of the C-O stretching vibration, which arises

from ester or hydroxyl groups in polypeptide molecules.
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Fig. 1. Fourier transform infrared (FTIR) spectra of the ACEIPs. Complete FTIR spectra (a); expansion of the amide I region of
FHPGY (b); FAGGP (c); WADP (d); FDGY (e).
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WADP had the highest B-sheet content (50.97%), consistent with the most stable secondary structure.
Its amide I band at 1674 cm™ was sharp and split, consistent with the characteristics of p-sheet (Table 2).
FDGY had the second highest B-sheet content (47.5%), consistent with the second highest stability. The
B-sheet content of FAGGP was low, with a broad peak shape at 1674 cm™, and may have a higher a-helix
content. FHPGY had the lowest B-sheet content (34.75%) and the highest random coil content (40.8%),

indicated by the broadest peak at 1674 cm!, indicating a relatively unstable secondary structure’.

Table 2. The secondary structure content distributions of the ACEIPs, calculated from the amide I band peak shape and area

peptide sequence B-sheet/% random coil/% a-helix/% B-turn/%
FDGY 47.5+047° 26.08 +0.27¢ 18.27 + 0.26% 8.05+0.1°
WADP 50.97+£0.1° 26.73 £ 0.05¢ 18.42 +0.04° 3.85+0.04¢
FAGGP 39.9£0.32¢ 31.29 +0.05° 18.04 £ 0.05¢ 10.52 £ 0.04*
FHPGY 34.75 +0.03¢ 40.8 £ 0.04* 18.81 £ 0.03* 5.62 £ 0.06°

Different lowercase letters indicate significant differences (P < 0.05)

3.1.2 Circular dichroism (CD) analysis

Circular dichroism analysis can reveal the secondary structure characteristics of polypeptides, and
reflect the conformation of polypeptides at the molecular level by the change of secondary structure
content’. The secondary structure of the four peptides, as determined by circular dichroism, was dominated
by B-sheet (39-48%) and the proportion of a-helix was generally low, indicating a stable secondary
structure’ (Table 3). WADP had the highest B-sheet content, the lowest random coil content and the most
ordered and stable secondary structure, consistent with the findings from FTIR spectroscopy (Section 3.1.1).
All four peptides had strong negative peaks at around 216 nm, characteristic of a relatively high B-sheet
content (Fig. 2). WADP had the most intense negative peak around 216 nm and the positive peak around
222 nm was also the most intense, consistent with it having the highest f-sheet content. The peak shape of
the peptide FAGGP was relatively flat, indicating a lower B-sheet content and a higher random coil content
than WADP. The peak shapes of FDGY and FHPGY were similar, indicating similar secondary structures,

with around 35% random coil.

304
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Fig. 2. Circular dichroism spectra of ACEIPs
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Table 3. Circular dichroism determination of secondary structure content of ACEIPs

peptide sequence B-sheet/% random coil/% a-helix/% B-turn/%
FDGY 41.33 £0.05¢ 35.33 £0.28" 9.47 +0.05¢ 13.87 +0.36¢
WADP 48.35+0.27° 21.98 +0.15¢ 13.11 £ 0.36* 16.48 + 0.05°
FAGGP 44.53 +0.14° 29.48 £+ 0.04¢ 10.94 +0.04° 15.05 +0.05°
FHPGY 39.66 + 0.03¢ 35.88 £0.03* 10.31 + 0.03¢ 14.16 + 0.14¢

Different lowercase letters indicate significant differences (P < 0.05)

To sum up, this study used two techniques, FTIR and CD, to analyze the secondary structure of the four
ACEIPs from two perspectives, namely, vibrational frequency and optical characteristics. The objective
results of the two techniques characterized the peptide structure from different dimensions, which can reveal

[3637] Tt can be seen from the

the secondary structural characteristics of ACEIPs more comprehensively
results that although there are some differences in the quantitative values obtained by the two techniques,
such as the proportion of B-sheet and random coil in the secondary structure of the four ACEIPs, the trends
of the detection results are consistent. This is mainly due to the different detection principles, the different

states of the samples required for detection, and the different data calculation methods used by both.
3.2 Stability of F. velutipes ACEIPs
3.2.1 Effect of pH on ACE inhibitory activity of ACEIPs

The effect of pH on ACE inhibitory activity was determined (Fig. 3A). As the pH increased from 3 to
11, the ACE inhibitory activity of all four peptides initially increased, peaked, then decreased. Notably, the
ACE inhibitory activity of FHPGY was >80% at all tested pHs, i.e., it was least affected by pH changes. The
ACE inhibitory activity of FAGGP was >80% in weak acid, neutral and weak base conditions. The ACE
inhibitory activity of WADP was >80% over the pH range of 5-7, whereas that of FDGY was barely above
80%, even under neutral conditions, so FDGY was most affected by pH. In summary, FHPGY had good
ACE inhibitory activity over the widest pH range. FAGGP would be suitable for application and storage in
weak acid, neutral and weak base food environments. WADP would be suitable for application and storage

in weak acid and neutral environments, whereas FDGY would only be suitable for application in neutral

environments.
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Fig. 3. Effect of pH and temperature on the ACE inhibitory activity of F. velutipes ACEIPs. A: Effect of pH on the ACE
inhibitory activity of F. velutipes ACEIPs. B: Effect of temperature on the ACE inhibitory activity of F. velutipes ACEIPs.
Note: The lowercase letters in this figure indicate significant activity differences between different pH or temperature
treatments of the same peptide (P < 0.05). The same as below.
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3.2.2 Effect of temperature on the ACE inhibitory activity of F. velutipes ACEIPs

The effects of temperature on the ACE inhibitory activity of F. velutipes ACEIPs was determined (Fig.
3B). Apart from FDGY, the activity of the peptides was >80% of control at all tested temperatures. The
activity of FHPGY was >90%, at all tested temperatures, indicating that this peptide has high thermal
stability and would be resistant to inactivation during heat treatment in food processing applications. The
activity of FDGY at 100 °C was only 78.73 + 0.54%, indicating that it may be ineffective in a high
temperature environment. It appears that high temperature can disrupt the secondary structure of ACEIPs,
thereby reducing their binding strength to ACE and consequently, their inhibitory activity. In general,
however, temperature had a relatively small effect on the ACE inhibitory activity of the ACEIPs.

3.2.3 Effect of metal ions on the ACE inhibitory activity of F. velutipes ACEIPs

The effect of different metal ions on the ACE inhibitory activity of F. velutipes ACEIPs was
determined (Fig. 4). The ACE inhibitory activity of all four peptides decreased with increasing metal ion
concentration. Cu®* influenced ACEIPs activity relatively strongly, especially with FAGGP; at a Cu®"
concentration of 250 pg/mL, ACE inhibition activity decreased by 21.12%, compared with 50 pg/mL. In
addition, Ca?* decreased the ACE inhibitory activity of FAGGP relatively strongly. In summary, Cu?*" and
Ca’" had a relatively strong effect on the ACE inhibition rate of the four peptides, followed by Mg?*, with
K" having the least effect.
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Fig. 4. Effect of metal ions on the ACE inhibitory activity of F. velutipes ACEIPs. K* (a); Cu®** (b); Ca*" (c); Mg®" (d). The
lowercase letters in the figure indicate significant activity differences between different metal ions treatments of the same
peptide (P < 0.05).
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3.2.4 Effect of simulated digestion in vitro on the ACE inhibitory activity of F. velutipes ACEIPs

The antihypertensive effect of ACEIPs in vivo depends on their resistance to proteolysis by the
digestive enzymes pepsin and trypsin and maintenance of their biological activity’. After 1 h of simulated
gastric enzyme digestion, the ACE inhibitory activity of all four peptides increased significantly and
was >90% (Fig. 5). The ACE inhibitory activity of FHPGY increased to 101.9 £ 0.60%. After 1 h of
simulated intestinal digestion, the ACE inhibitory activity of WADP was the least affected, and the activity
of all four peptides increased after both gastric and intestinal digestion. The four peptides can maintain good

ACE inhibition under different gastrointestinal digestion conditions, which may be related to their short

peptides’.
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Fig. 5. Effect of simulated digestion in vitro on the stability of F. velutipes ACEIPs. The lowercase letters in the figure

indicate significant activity differences between different simulated digestion in vitro treatments of the same peptide (P <
0.05).

In summary, FHPGY had good ACE inhibitory activity in all tested pH and temperature ranges. Metal
ions had the least effect on its ACE inhibitory activity. After gastrointestinal digestion, the ACE inhibitory
activity of FHPGY was still maintained above 95%. That is to say, FHPGY showed stronger resistance to

pH, temperature, metal ions and gastrointestinal digestion than that of other three peptides.
3.3 Validation of antihypertensive effect of F. velutipes ACEIPs
3.3.1 Effect of different ACEIPs concentrations on HUVECS viability

Determination of the survival rate of ACEIP-treated HUVECs can be used evaluate any toxic effect of
ACEIPs on the cells’, as well as determining the appropriate concentration range for subsequent
experiments. At an ACEIP concentration of 3 mM, HUVECs viability was >90%, indicating that these
peptides have no significant cytotoxicity to HUVECs at this concentration (Fig. 6A). Therefore, subsequent

antihypertensive effects were determined at ACEIP concentrations of 1, 2 and 3 mM.
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Fig. 6. The effect of different ACEIPs and H>O, concentrations on HUVECs viability. A: The effect of ACEIPs on the
viability of HUVECs. B: Effect of H,O» treatment concentration on HUVECs viability. The lowercase letters in the figure
indicate significant cell viability differences between different concentration treatment groups (P < 0.05).

3.3.2 Screening suitable conditions for H202-induced oxidative stress injury cell model

Measurement of HUVECs viability directly reflects its physiological state under oxidative stress, and it
is often used as an important index to evaluate the sensitivity of cells to oxidative stress’. Over the range of
100-1100 uM H202, HUVEC: viability decreased with increasing H2O2 concentration, after both 24 and 48
h treatment (Fig. 6B). At 900 uM H202, HUVECsS viability decreased to 52.89% after 24 h and 45.49% after
48 h. Therefore, 900 uM H20: treatment for 24 h, resulting in cell viability close to 50%, was selected as the

optimal condition for establishing the cell model.
3.3.3 Effect of F. velutipes ACEIPs on nitric oxide (NO) secretion by HUVECs

Nitric oxide (NO) has a variety of physiological functions in the human vascular system, such as
regulating blood pressure, relaxing arteries and maintaining basic vascular tension, thereby helping to
maintain normal blood flow!*!*?. However, if the activity of endothelial nitric oxide synthase (eNOS),
which catalyzes the oxidation of arginine to NO is blocked, this results in insufficient NO production. This
may cause vascular endothelial dysfunction, which in turn induces hypertension and other cardiovascular

43-45

diseases!****], Compared with the blank control, the amount of NO secreted by the cells in the H202 model

group was significantly reduced, indicating that the endothelial cells were damaged by H2O2, resulting in
inhibition of NO production and secretion (Fig. 7). However, treatment with F. velutipes ACEIPs increased
the secretion of NO with increased ACEIP concentration in a dose dependent manner. At an ACEIP
concentration of 3 mM, the NO secretion of HUVECs treated with FAGGP, FHPGY, FDGY, or WADP was
66.47, 97.69, 75.38 and 62.44%, respectively, of that of the positive control captopril. The NO secretion
from HUVECs treated with FHPGY was essentially the same as that of the positive control captopril, i.e.,
FHPGY had a strong inhibitory effect on endothelial cell damage caused by H20:. Similarly, the ACE
inhibitory peptide STAPI11 (LPRS) obtained from protein hydrolysate of skipjack tuna (Katsuwonus
pelamis) processing by-products, which also showed the ability to promote NO levels in HUVECs®.
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Fig. 7. Effect of F. velutipes ACEIPs concentration on the secretion of NO by HUVECs. FAGGP (a); FHPGY (b); FDGY
(c); WADP (d). Different lowercase letters indicate significant differences in NO secretion between treatments (P < 0.05),
and the same letter indicates that the difference is not significant. '**' means P < 0.05, "***' means P < 0.001.

3.3.4 Effect of F. velutipes ACEIPs on endothelin-1 (ET-1) secretion by HUVECs

ET-1 is a vasoconstriction factor secreted by endothelial cells, which induces vasoconstriction’. When
endothelial cells are damaged, secretion of ET-1 increases, so ET-1 is an important indicator of endothelial
dysfunction’. The inhibitory effect on ET-1 secretion gradually increased with ACEIP concentration in a
dose dependent manner (Fig. 8). After treatment with FAGGP, FHPGY, FDGY and WADP at 3 mM, the
ET-1 secretion by HUVECs was 133.51, 109.59, 169.09 and 186.54% of that of the positive control
captopril, respectively. FAGGP and FHPGY reduced the secretion of ET-1 the most, indicating that they
may be more effective than FDGY and WADP in regulating the secretion of ET-1 by HUVECs. These
results are consisted with findings from other studies, such as the ACEIP from Wuyi rock tea residue, which

also showed the ability to reduce ET-1 levels in HUVECs.
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3.3.5 Effect of F. velutipes ACEIPs on intracellular malondialdehyde (MDA) content

Under conditions of oxidative stress, polyunsaturated fatty acids in cell membranes are prone to lipid
peroxidation and produce various lipid peroxides and their decomposition products, one of which is MDA,
and which can induce cell structural damage. The extent of lipid peroxidation is usually evaluated by
measuring the MDA content in the cells, a good indicator of the extent of oxidative damage’. Compared
with the blank control, the MDA content of the H202 model cells was significantly higher, indicating that
the cells were subjected to oxidative damage and increased lipid peroxidation (Fig. 9). However, treatment
with an increased dose of ACEIPs decreased the HUVECs MDA content in a dose dependent manner, with
FHPGY resulting in the greatest decrease. ACEIPs from F. velutipes significantly reduced MDA levels in

injured HUVECs, which was consistent with the results reported in previous works’.
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3.3.6 Effect of F. velutipes ACEIPs on intracellular superoxide dismutase (SOD) activity

The activity of SOD in patients with hypertension is significantly lower than that in healthy people.
SOD can effectively scavenge superoxide anion free radicals, which not only helps to maintain the
biological activity of NO, but is also an essential part of the oxidative stress response and maintenance of
cellular homeostasis®>*}. Compared with the blank control, the SOD activity in the H2O2 model group was
significantly lower (Fig. 10). However, treatment with an increased dose of ACEIPs increased the HUVECs
SOD activity in a dose dependent manner. Treatment with FHPGY and WADP at 3 mM increased the SOD
activity of HUVECs to 94.90 and 88.22% of the positive control captopril, respectively. It appears that the
four F. velutipes ACEIPs stimulate SOD production and probably other aspects of the oxidative stress
response in HUVECs. The results of this study are consistent with previous research results. ACEIPs were
isolated from the protein hydrolysate of blue mussel (Mytilus edulis) could provide protection to HUVECs
against H202 damage by increasing SOD".

Overall, the NO and ET-1 secretion levels of HUVECs treated with FHPGY were basically equivalent
to those of the positive control captopril, and FHPGY had a significant inhibitory effect on the MDA
produced by HUVECs and a better protective effect on SOD activity.
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4. Conclusions

In this study, four ACEIPs derived from F. velutipes protein hydrolysates were investigated by
structural characterization, analysis of physicochemical properties and determination of antihypertensive
efficacy. The secondary structures of all four peptides was dominated by B-sheet and the peptide WADP had
the highest B-sheet content and the greatest secondary structural stability. All four peptides retained good
ACE inhibitory activity under various conditions of pH, temperature, the presence of metal ions, and after
simulated human gastrointestinal digestion. The H20:2-induced HUVECs oxidative stress injury model
showed that all four ACEIPs induced NO secretion, increased SOD activity, and inhibited the production of
ET-1 and MDA. The peptide FHPGY was the most effective stimulator of NO secretion by HUVECs and
the most effective suppressor of ET-1 secretion. Overall, FHPGY had the strongest antihypertensive effect
and has potential for development into an effective ACE inhibitory peptide for medicinal use. However, its
in vivo antihypertensive efficacy still needs to be tested in the future, so as to provide more reliable evidence

for its industrial production.

Declaration of competing interest

There is no conflict of interests to declare.

Acknowledgement

This work was supported by the Science and Technology Major Special Project of Qingyang City
(QY-STK-2024A-073).



Y.J. Zhang et al. / Food Science and Human Wellness 16 (2027)

Reference

K. Arshdeep, K. B. Adesegun, S. Poorva, et al., Recently isolated food-derived antihypertensive hydrolysates and peptides: A
review, Food Chem, 346 (2021) 128719. https://doi.org/10.1016/j.foodchem.2020.128719.

X. Ye, R. Yang, Z.Z. Yang, et al., Novel angiotensin-I-converting enzyme (ACE) inhibitory peptides from Porphyra haitanensis:
Screening,  digestion  stability, and mechanistic insights, Food Biosci. 68 (2025) 106460-106460.
https://doi.org/10.1016/j.fbi0.2025.106460.

M. Dina, M.M. Itani, H.A. Itani, Pathophysiology and genetics of salt-sensitive hypertension, Front. Physiol. 139 (2022) 1001434.
https://doi.org/10.3389/fphys.2022.1001434.

M.C. Jocksan I, E.H. Edgar, R.C.F. Fatima, et al., Insertions of antihypertensive peptides and their applications in pharmacy and
functional foods, Appl. Microbiol. Biotechnol. 103(6) (2019) 2493-2505. https://doi.org/10.1007/s00253-019-09633-1.

S.C. Ko, M.C. Kang, J.K. Lee, et al., Effect of angiotensin I-converting enzyme (ACE) inhibitory peptide purified from enzymatic
hydrolysates of styela plicata, Eur. Food Res. Technol. 233(6) (2011) 915-922. https://doi.org/10.1007/s00217-011-1585-7.

A.Y. Zhang, Y. Yang, X.Y. Huo, et al., Multifunctional ACE-inhibitory peptides with antioxidant and ferrous-chelating capacities
from ginkgo kernel glutelin-2 hydrolysates: Identification, virtual screening, inhibition mechanism, and gastrointestinal
stability studies, LWT. 217 (2025) 7117461. https://doi.org/10.1016/j.1wt.2025.117461.

T.H. Du, Y.Z. Xu, X.Y. Xu, et al., ACE inhibitory peptides from enzymatic hydrolysate of fermented black sesame seed: Random
forest-based optimization, screening, and molecular docking analysis, Food Chem. 437 (2023) 137921.
https://doi.org/10.1016/j.foodchem.2023.137921.

S. Cutrell, 1. S. Alhomoud, A. Mehta, et al., ACE-inhibitors in hypertension: A historical perspective and current insights, Curr.
Hypertens. Rep. 25 (2023) 243-250. https://doi.org/10.1007/s11906-023-01248-2.

Z.L. Lin, JJW. Lai, P. He, et al, Screening, ACE-inhibitory mechanism and structure-activity relationship of a novel
ACE-inhibitory peptide from Lepidium meyenii (Maca) protein hydrolysate, Food Biosci. 52 (2023) 102374.
https://doi.org/10.1016/j.fbi0.2023.102374.

Z.S. Dou, Y. Xu, J.L. Liu, et al., An angiotensin-converting enzyme inhibitory peptide LVLPGE exerts an antihypertensive effect
and improves endothelial function via eNOS/NO/cGMP pathway, Food Biosci. 62 (2024) 105488.
https://doi.org/10.1016/j.fbi0.2024.105488.

T.H. Du, J.Q. Huang, X.Y. Xu, et al., Effects of fermentation with Lactiplantibacillus plantarum NCU116 on the antihypertensive
activity and protein structure of black sesame seed, Int. J. Biol. Macromol. 262 (2024) 129811.
https://doi.org/10.1016/j.ijbiomac.2024.129811.

Z.H. Wang, Ch.F. Wang, H.B. Fan, et al., Bioavailability and metabolism of bioactive peptide IRW with angiotensin-converting
enzyme 2(ACE2) Upregulatory activity in spontaneously hypertensive rats, J. Agric. Food Chem. 72(15) (2024) 8606-8617.
https://doi.org/10.1021/acs.jafc.4c01052.

J.F. Li, H.H. Hu, X.Y. Chen, et al., A novel ACE inhibitory peptide from Douchi hydrolysate: Stability, inhibition mechanism,
and antihypertensive potential in spontaneously hypertensive rats, Food chem. 460(Pt 3) (2024) 140734.
https://doi.org/10.1016/J.FOODCHEM.2024.140734.

D.H. Yu, HX. Qing, K. Jing, et al., Angiotensin-I-Converting Enzyme (ACE)-Inhibitory Peptides from the Collagens of
Monkfish (Lophius litulon) Swim Bladders: Isolation, Characterization, Molecular Docking Analysis and Activity Evaluation,
Mar. Drugs. 21(10) (2023) 516. https://doi.org/10.3390/md21100516.

T.T. Zhang, Q.L. Cai, Z.Y. Gu, et al,, Novel ACE-inhibiting peptides from soybean protein hydrolysates by peptidomics
combined with in silico analysis and their inhibitory effects on proliferation and migration of Ang II-induced VSMCs, FMH.
1(2) (2024) 9420023. https://doi.org/10.26599/FMH.2024.9420023.

X.X. Han, Y.Q. Jia, C.Y. Liu, et al., Structure identification and inhibitory mechanism evaluation of three novel angiotensin
converting enzyme (ACE) inhibitory peptides from small-aroma chicken, Process Biochem. 132 (2023) 86-96.
https://doi.org/10.1016/j.procbio.2023.07.011.

J.J. Dong, S. Wang, X.Y. Yin, et al., Angiotensin I converting enzyme (ACE) inhibitory activity and antihypertensive effects of
rice peptides, Food Sci Hum Well. 11(6) (2022) 1539-1543. https://doi.org/10.1016/J. FSHW.2022.06.011.



Y.J. Zhang et al. / Food Science and Human Wellness 16 (2027)

X. Zou, M. Liu, F. Pan, et al., Identification and inhibition mechanisms of novel ACE inhibitory peptides from Tenebrio Molitor
protein  based on  peptidomics combined with Al  tools,  Food Sci Hum Well. (2025) 1-26.
https://doi.org/10.26599/FSHW.2025.92506009.

V. Khurana, B. Goswami, Angiotensin converting enzyme (ACE), CCACTA, 524 (2022) 113-122.
https://doi.org/10.1016/j.cca.2021.10.029.

H.P. Li, W.J. Yang, S.X. Qu, et al.,, Variation of volatile terpenes in the edible fungi mycelia Flammulina velutipes and
communications in fungus-mite interactions. Food Res. Int. 103 (2018)
150-155.https://doi.org/10.1016/j.foodres.2017.10.031.

Tang C, Hoo P C X, L.T.H. Tan, et al., Golden needle mushroom: a culinary medicine with evidenced-based biological activities
and health promoting properties, Front. Pharmacol. 7 (2016) 474. https://doi.org/10.3389/fphar.2016.00474.

C.T. Li, S. Xu, Edible mushroom industry in China: current state and perspectives, Appl. Microbiol. Biotechnol. 106(11) (2022)
3949-3955. https://doi.org/10.1007/S00253-022-11985-0.

W.J. Zeng, X.D. Yu, M.F. Chen, et al., ACE-inhibitory peptides from Morchella esculenta: screening, kinetics, and molecular
dynamics simulation, Food chem. 490 (2025) 145011. https://doi.org/10.1016/j.foodchem.2025.145011.

D.F.L.D.C. Cavenaghi, W.M.D. Barros, R.J.S.D. Castro, Antihypertensive peptides from hydrolyzed proteins of Pleurotus spp.:
Production, in vitro digestionand identification, Process Biochem. 149 (2024) 1-9.
https://doi.org/10.1016/j.procbio.2024.11.027.

T.Y. Song, T.T. Zhang, Q.L Cai, et al., A novel angiotensin I-converting enzyme inhibitory peptidle APPLRP from Grifola
frondosa ameliorated the Ang II- induced vascular modeling in zebrafish model by mediating smooth muscle cells, Int. J.
Biol. Macromol. 278 (2024) 134998. https://doi.org/10.1016/].ijbiomac.2024.134998.

Y.J. Zhang, X.Q. Zhao, X. Ma, et al., Activity Analysis and Inhibition Mechanism of Four Novel Angiotensin I-Converting
Enzyme Inhibitory Peptides Prepared from Flammulina velutipes by Enzymatic Hydrolysis, Foods. 14(15) (2025) 2619-2619.
https://doi.org/10.3390/FOODS14152619.

Z.Y. Ren, X.L. Huang, Y.Q. Zhao, et al., Effect of myosin-kappa carrageenan pickering emulsions on the quality of bighead carp
surimi gels, Food Hydrocoll. 161 (2025) 110890. https://doi.org/10.1016/j.foodhyd.2024.110890.

F.F. Wang, B. Zhou, Investigation of angiotensin-I-converting enzyme (ACE) inhibitory tri-peptides: a combination of 3D-QSAR
and molecular docking simulations, RSC Adv. 10 (59) (2022) 35811-35819. https://doi.org/10.1039/DORA05119E.

S. Yang, T.Y. Liu, W.J. Chen, et al., Preparation, Characterization, and In Vitro Stability Analysis of Deer Sinew Peptide-Zinc
Chelate, Foods. 14(12) (2025) 2131-2131. https://doi.org/10.3390/foods14122131.

H.H. Gao, N.C. Hou, X. Gao, et al., Interaction between chinese quince fruit proanthocyanidins and bovine serum albumin:
antioxidant activity, thermal stability and heterocyclic amine inhibition, Int. J. Biol. Macromol. 238 (2023) 124046.
https://doi.org/10.1016/j.ijbiomac.2023.124046.

J.Y. Huo, Z.W. Cui, R.R. Zhang, et al., Study on the effect and mechanism of ultrasonic-assisted enzymolysis on antioxidant
peptide activity in walnuts, Ultrason. Sonochem. 112 (2025) 107159. https://doi.org/10.1016/j.ultsonch.2024.107159.

A.B. Garcia-Redondo, F.R. Roque, M. Miguel, et al., Vascular effects of egg white-derived peptides in resistance arteries from
rats. Structure-activity relationships, J Sci Food Agric. 90(12) (2010) 1988-1993. https://doi.org/10.1002/jsfa.4037.

J.L. Kong, S.H. Yu, Fourier transform infrared spectroscopic analysis of protein secondary structures, ABBS. 39(8) (2007) 549-59.
https://doi.org/10.1111/j.1745-7270.2007.00320.x.

J.T. Pelton, L.R. McLean, Spectroscopic methods for analysis of protein secondary structure, Anal. Biochem. 277(2) (2000)
167-176. https://doi.org/10.1006/abio.1999.4320.

M. Andras, W. Frank, K. Linda, et al., Accurate secondary structure prediction and fold recognition for circular dichroism
spectroscopy, PNAS. 112(24) (2015) E3095-103. https://doi.org/10.1073/pnas.1500851112.

C.J. S, Z.R. Valeria, C.J. ], et al., FT-IR Spectroscopic Analysis of the Secondary Structures Present during the Desiccation
Induced Aggregation of Elastin-Like Polypeptide on Silica, ACS omega. 5(14) (2020) 8403-8413.
https://doi.org/10.1021/acsomega.0c00271.

J. C. Lindon, G. E. Tranter, D. W. Koppenaal, Protein Structure Analysis by CD, FTIR, and Raman Spectroscopies, Encyclopedia
of Spectroscopy and Spectrometry (Third Edition) (2017) 740-758. https://doi.org/10.1016/B978-0-12-409547-2.12099-2.



Y.J. Zhang et al. / Food Science and Human Wellness 16 (2027)

Q.Z. Zhu, J.W. Xue, P. Wang, et al., Identification of a novel ace inhibitory hexapeptide from camellia seed cake and evaluation
of its stability, Foods, 12(3) (2023) 501. https://doi.org/10.3390/foods12030501.

F.H. Wu, X.H. Luo, Y.Z. Zhang, et al., Purification, identification, and inhibitory mechanisms of a novel ACE inhibitory peptide
from Torreya grandis, Nutrients, 15(10) (2023) 2374. https://doi.org/10.3390/nu15102374.

C.L. Wu, Z.F. Ni, X.Y. Kuang, et al., Novel Multitarget ACE Inhibitory Peptides from Bovine Colostrum Immunoglobulin G:
Cellular Transport, Efficacy in Regulating Endothelial Dysfunction, and Network Pharmacology Studies, J. Agric. Food
Chem. 72(8) (2024) 4155-4169. https://doi.org/10.1021/ACS.JAFC.3C08795.

Y.B. Huang, F. Jia, J.S. Zhao, et al., Novel ACE inhibitory peptides derived from yeast hydrolysates: screening, inhibition
mechanisms  and  effects on  HUVECs, J.  Agricc Food Chem. 69(8) (2021) 2412-2421.
https://doi.org/10.1021/acs.jafc.0c06053.

B.H. Glenn, Nitric oxide and the cardiovascular system, Compr. Physiol. 5(2) (2015) 808-828.
https://doi.org/10.1002/cphy.c140052.

B.C. Xu, H.B. Long, K.Q. Luo, Tert-butylhydroquinone lowers blood pressure in Angll-induced hypert ension in mice via
proteasome-PTEN-Akt-eNOS pathway, Sci. Rep. 6(1) (2016) 29-58. https://doi.org/10.1038/srep29589.

P. M. Vanhoutte, Y.Z. Zhao, A.M. Xu, et al., Thirty years of saying NO: Sources, Fate, Actions, and Misfortunes of the
Endothelium-Derived Vasodilator Mediator, Circ. Res. 119(2) (2016) 375-396.
https://doi.org/10.1161/CIRCRESAHA.116.306531.

L. Xue, RX. Yin, K. Howell, et al., Activity and bioavailability of food protein-derived angiotensin-I-converting
enzyme-inhibitory peptides, CRFSFS. 20(2) (2021) 1150-1187. https://doi.org/10.1111/1541-4337.12711.

Q.Q. Qiao, Q.B. Luo, S.K. Suo, et al., Preparation, Characterization, and Cytoprotective Effects on HUVECs of Fourteen Novel
Angiotensin-I-Converting Enzyme Inhibitory Peptides From Protein Hydrolysate of Tuna Processing By-Products, Front.
Nutr. 9 (2022) 868681. https://doi.org/10.3389/FNUT.2022.868681.

C.X. Wang, C.C. Song, X.T. Liu, et al., ACE inhibitory activities of two peptides derived from Volutharpa ampullacea perryi
hydrolysate and their protective effects on H,O, induced HUVECs injury, Food Res. Int. 157 (2022) 111402.
https://doi.org/10.1016/j.foodres.2022.111402.

M. Yanagisawa, H. Kurihara, S. Kimura, et al., A novel potent vasoconstrictor peptide produced by vascular endothelial cells,
Nature. 332(6163) (1987) 411-415. https://doi.org/10.1038/332411a0.

X.L. Cao, H.Y. Zhou, J.D. Xie, et al., A novel angiotensin I-converting enzyme (ACE) inhibitory peptide from Wuyi rock tea
residue: Preparation, identification, and its potential molecular mechanism, LWT, 216 (2025) 117353.
https://doi.org/10.1016/J. LWT.2025.117353.

S.K. Suo, S.L. Zheng, C.F. Chi, et al., Novel angiotensin-converting enzyme inhibitory peptides from tuna byproducts—milts:
Preparation, characterization, molecular docking study, and antioxidant function on H,O,-damaged human umbilical vein
endothelial cells, Front. Nutr. 9 (2022) 957778-957778. https://doi.org/10.3389/FNUT.2022.957778.

J.L. Liu, W.T. Song, X. Gao, et al., A combined in vitro and in silico study of the inhibitory mechanism of angiotensin-converting
enzyme with peanut peptides, Int. J. Biol. Macromol. 268(P2) (2024) 131901.
https://doi.org/10.1016/J.IJBIOMAC.2024.131901.

R.I. Bernardo, S. Lili, Q. Yasmir, et al., Association of mitochondrial SOD deficiency with salt-sensitive hypertension and
accelerated renal senescence, J. Appl. Physiol. 102(1) (2007) 255-260. https://doi.org/10.1152/japplphysiol.00513.2006.

R. Wilson, P. Boyd, J.H. McKillop, et al., Normal superoxide dismutase (SOD) gene in pregnancy-induced hypertension: is the
decreased SOD  activity a  secondary  phenomenon, Free Radical Res. 21(2) (1994) 59-66.
https://doi.org/10.3109/10715769409056557.

S.K. Suo, Y.Q. Zhao, Y.M. Wang, et al., Seventeen novel angiotensin converting enzyme (ACE) inhibitory peptides from the
protein hydrolysate of Mytilus edulis: isolation, identification, molecular docking study, and protective function on HUVECs,
Food funct. 13(14) (2022) 7831-7846. https://doi.org/10.1039/D2F000275B.



