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In recent years, people’s lifestyles have undergone relatively significant changes. For
instance, physical labor has decreased, and the number of people on a high-fat diet (HFD)
has increased annually. This has also led to a year-on-year increase in the incidence and
number of many diseases, such as non-alcoholic fatty liver disease (NAFLD), obesity,
diabetes, hyperuricemia, etc. [1–4]. Therefore, people’s demands for food are gradually
changing, shifting from merely solving the problem of basic sustenance to a rapid shift
towards nutrition and functionality [5,6]. Therefore, the discovery and preparation of
functional components from natural foods have become a research hotspot.

The ocean is rich in biological resources, and its unique ecological environment makes
the active components in marine organisms significantly different from those in terres-
trial organisms [7,8]. Therefore, scientists in the fields of life sciences, pharmacy, chem-
istry, and others around the world have focused their attention on marine bioactive sub-
stances, hoping to discover more functional molecules beneficial to human health from
them. Among the numerous active components, marine bioactive peptides have also be-
come the focus of research due to their high nutritional value and significant biological
activity, such as anticancer, antioxidant, antimicrobial, anti-inflammatory, anti-photoaging,
antidiabetic, antifreeze, and immune-modulating characteristics [9–11]. Therefore, we are
launching the Special Issue “Marine Bioactive Peptides—Structure, Function, and Applica-
tion 2.0” (https://www.mdpi.com/journal/marinedrugs/special_issues/5XPG3GP5G0)
in May 2023, to highlight the latest research in the field of marine active peptides. Herein,
we introduce a brief overview of the ten research papers and their findings contributed by
the authors.

The development of high-value active peptide products by utilizing bulk marine
biological resources and their processing by-products has always been the focus of re-
search [12]. This can not only solve the environmental pollution caused by the by-products
but also increase the profits of enterprises. Therefore, this Special Issue begins with the
article by Wang et al. dedicated to the structural characteristics and bioactivity stabil-
ity of protein hydrolysates (CFHs) from Cucumaria frondosa intestines and ovum [13]. In
this study, the effects of alcalase, papain, flavourzyme, and neutrase on the structural
characteristics and antioxidant stability of CFHs are systematically investigated, and the
selected enzyme is vital to the physicochemical properties and biological activities of the
bioactive hydrolysates produced. According to the degree of hydrolysis (DH), primary
structures, surface hydrophobicity, antioxidant activity, pancreatic lipase inhibitory activity,
and the stability of CFHs, the authors found that flavourzyme is the optimal choice for the
production of CFHs applied in functional foods because the flavourzyme-prepared CFHs
had the highest DH and exhibited the highest DPPH radical scavenging activity, reduction
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capacity, and pancreatic lipase inhibitory activity. Moreover, flavourzyme-prepared CFHs
showed excellent antioxidant stability and pancreatic lipase inhibitory activity during
simulated gastrointestinal digestion in vitro. These findings, especially the significant
antioxidant and lipid-lowering activities of CFHs, strongly support their application in
functional foods, dietary supplements, and nutritional health products. This research has
developed a new application for the intestines and ovum of C. frondosa, which can improve
the comprehensive utilization of marine biological resources.

The number of diabetes patients worldwide with diabetes is as high as 589 million
(accounting for 11.1%), which is equivalent to approximately one in every nine people. It is
estimated that by 2050, the total number of adult patients with diabetes worldwide will
increase to 853 million (accounting for 13.0%) [14]. Therefore, the treatment of diabetes,
especially the development of new diabetes drugs, has attracted much attention. The second
article by Lin et al. concerns the antidiabetic effect of collagen peptides (HNCP, Mw < 1 kDa)
from Harpadon nehereus bones [15]. The authors found that HNCP can significantly reduce
blood glucose levels by increasing insulin secretion and glucose tolerance in streptozotocin-
induced type 1 diabetic mice. Research on the mechanism of action has proved HNCP’s
capability to improve antioxidant abilities by regulating the Keap1/Nrf2 pathway to
increase the activity of antioxidant enzymes. Furthermore, HNCP can markedly ameliorate
the glucose metabolism of type 1 diabetic mice by controlling the levels of glycosynthesis-
and gluconeogenesis-related enzymes. This study explores the mechanism of HNCP
in the treatment of diabetes from two aspects: oxidative stress and abnormal glucose
metabolism, which are closely related to the occurrence and development of diabetes. This
is an instructive study for the development of diabetes drugs.

Antarctic krill (Euphausia superba) has huge biomass and is regarded as the largest
animal protein resource in the world [16]. Calcium (Ca) deficiency in the human body
significantly influences cellular proliferation, neurotransmission, blood coagulation, muscle
contraction, etc., and currently affects the health of about 900 million people in China [17].
The third article by Ge et al. concerns the preparation, characterization, and Ca absorption
efficiency of Ca-chelating peptides from Antarctic krill protein hydrolysate [18]. In this
study, the authors purify and identify 14 Ca-chelating peptides with the tetrapeptide
(VERG), showing the highest chelating capability with Ca2+ in the groups of N-H, C=O, and
-COOH. In addition, the VERG-Ca chelate remained stable in the simulated gastrointestinal
digestion in vitro, and the monolayer experiment of Caco-2 cells proved that the VERG-Ca
chelate could significantly improve calcium transport. The research results show that
Ca-chelating peptides of Antarctic krill can be used as functional components to improve
the bioavailability of Ca in healthy foods.

Metabolic syndrome (MetS) encompasses a series of metabolic abnormalities, such as
hypertension, elevated triglycerides, hyperglycemia, low high-density lipoprotein choles-
terol, and central obesity, and is associated with diabetes, cancer, neurodegenerative dis-
eases, cardiovascular and cerebrovascular diseases, and NAFLD [19]. Focusing on improv-
ing diet to prevent MetS is a crucial aspect of enhancing human health. Therefore, the fifth
article by Bjerknes et al. studies the glycemic regulatory characteristics of the protein hy-
drolysate (SPH) of Atlantic salmon (Salmo salar) through dipeptidyl peptidase-IV (DPP-IV)
inhibition activity and the efficiency of direct glucose uptake in vitro [20]. The results
indicate that SPH, especially the low-molecular-weight component prepared by membrane
filtration (MW < 3 kDa), has a significant inhibitory effect on DPP-IV and can significantly
increase the glucose uptake of L6 rat skeletal muscle cells, indicating that short-chained
bioactive peptides in SPH mediate glucoregulatory activity. This study proves that the
biotransformation of salmon processing by-products can provide high-quality nutrition
and effective glycemic regulatory peptides, thereby significantly reducing the growing
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health burden of MetS. Moreover, bioactive peptides are promising functional tools that
could be applied to future personalized medicine.

(-)-Doliculide is a marine cyclodepsipeptide isolated from Dolabella auricularia [21].
Due to its strong cytotoxicity, (-)-Doliculide has aroused the interest of researchers in the
field of synthetic chemistry. Based on the structural characteristics of (−)-Doliculide, which
is composed of peptide segments and polyketone segments, the fifth article by Tost and
Kazmaier utilizes Matson’s homology method and focuses on post-modification at the end
positions of (−)-Doliculide polyketone fragments, successfully synthesizing various polyke-
tone derivatives of (−)-Doliculide. In addition, the author also studies the activity of the
synthesized (−)-Doliculide polyketone derivatives. The results prove that all modifications
of the i-Pr fragment led to the inactivity of (−)-Doliculide polyketone derivatives against
HepG2 [22]. This study lays a methodological foundation for the subsequent research of
(-)-Doliculide, including the structure–activity relationship of its derivatives.

Antimicrobial peptides (AMPs), regarded as host defense peptides (HDPs), are small
in size with a MW less than 10 kDa and can be encoded in the genome or produced by
hydrolyzing proteins or larger polypeptides. Moreover, AMPs exhibit a variety of biological
activities, such as antimicrobial, antifungal, antioxidant, antihypertensive, immunomod-
ulatory, and anticoagulant properties [23]. Therefore, the sixth article by Álvarez et al.
concerns the identification, characterization, and bioactivity evaluation of AMPs from
the mucus of Seriola lalandi and Seriolella violacea [24]. Nine peptides with a disordered
or random coil secondary structure were prepared and identified using chromatography
and mass spectrometry techniques. The analysis of the structure–activity relationship
indicated that the antimicrobial activity of prepared peptides is closely associated with
basic and aromatic amino acid residues, while cysteine residue could remarkably enhance
the peptides’ antioxidant activity. In addition, the peptides with the highest antimicrobial
activity also presented stimulated respiratory bursts in leukocytes. This study confirms the
existence of bioactive peptides in the epidermal mucus of Chilean marine fish, providing a
new source for the development of marine peptides.

Fatigue is a temporary decline in the functions of the body or brain due to continuous
energy consumption, stress, or disease. It is divided into physiological fatigue and patholog-
ical fatigue [25]. Short-term fatigue can be relieved by rest, while long-term fatigue may be
related to diseases and requires comprehensive intervention. High Fischer ratio oligopep-
tides (HFOs) are defined as peptide mixtures (2–9 peptides) with an F-ratio (branched-chain
amino acids/aromatic amino acids) greater than 20. Due to their significant physiological
activities, HFOs have aroused widespread interest and have been produced from grains,
beans, meat, eggs, milk, and marine organisms [26]. Therefore, the seventh paper by Mao
et al. systematically investigates the anti-fatigue function and mechanism of HFOs from
Antarctic Krill (HFOs-AK) on exercise-induced fatigue [27]. HFOs-AK can significantly
prolong the endurance of swimming time, improve physiological indicators, decrease
metabolite levels, and protect the muscle tissues of exhausted mice. The research on the
mechanism of action indicated that HFOs-AK could regulate AMPK and Keap1/Nrf2/ARE
signaling pathways and ameliorate the energy metabolism and oxidative stress caused by
intense exercise. In addition, HFOs-AK could improve the activity of Na+-K+-ATPase and
Ca2+-Mg2+-ATPase to reduce tissue damage and increase ATP levels. Therefore, HFOs-AK
can act as dietary ingredients applied in functional foods to resist the fatigue caused by
intense exercise.

Melanin is a phenolic polymer that is widely present in animals and plants. Exces-
sive melanin deposition can lead to a series of skin diseases, such as black and brown
spots, and even cause melanoma and other skin cancers. Tyrosinase is the key enzyme for
oxidizing tyrosine to generate melanin [28]. Therefore, screening safe and efficient tyrosi-
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nase inhibitors can effectively control melanin production. Therefore, the eighth article
by Logesh et al. concerns the identification and mechanism of the tyrosinase inhibitory
peptide AHYYD from Pinctada martensii nacre [29]. In this study, AHYYD, with an IC50

value of 2.012 ± 0.088 mM, showed significant tyrosinase inhibitory activity through a re-
versible competitive model. In addition, AHYYD had a strong binding affinity to tyrosinase
with a binding energy of −8.0 kcal/mol. Moreover, AHYYD could significantly decrease
the melanin content by inhibiting tyrosinase activity and positively increasing the activity
of antioxidant enzymes in mouse B16F10 melanoma cells. These findings suggest that
AHYYD has the potential to be applied to cosmetic products due to its positive therapeutic
efficacy in decreasing intracellular melanin production.

The physical health of more than 1.13 billion people worldwide is affected by hy-
pertension. The angiotensin-I converting enzyme (ACE) is a key enzyme in the renin–
angiotensin–aldosterone regulatory system (RAAS), which catalyzes the conversion of
inactive angiotensin I (Ang I) into potent Ang II, thereby inactivating the vasodilator
bradykinin [30]. Therefore, screening for small molecule compounds to inhibit ACE activity
has become an effective method for the treatment of hypertension. The ninth article by
Li et al. concerns ACE inhibitory peptides from the protein hydrolysate of Ulva prolifera [31].
Then, an anti-ACE peptide KAF with an IC50 value of 0.63 ± 0.26 μM was separated and
identified from the U. prolifera protein. KAF competes to bind ACE through two hydrogen
bonds and inhibits its activity. Moreover, KAF could act on LTCC and RyR to increase
Ca2+ levels in the endoplasmic reticulum of HUVECs and activate eNOS to promote the
production of NO by regulating the Akt signaling pathway.

Saturated fatty acids play a significant role in maintaining human physiological func-
tions. However, high concentrations of free fatty acids cause fat accumulation in the liver,
promote the release of inflammatory factors and cellular dysfunction, induce liver cell
damage and apoptosis, and thereby lead to the progression of NAFLD [32]. Therefore, the
tenth paper by Song et al. investigates the effects of LALFVPR, KLHDEEVA, and PSRILYG
from the bone collagen of H. nehereus on sodium palmitate (PANa)-induced hyperlipidemia
in HepG2 cells [33]. The results demonstrate that LALFVPR, KLHDEEVA, and PSRILYG,
particularly LALFVPR, can protect HepG2 cells against PANa-induced damage by up-
regulating the level of Nrf2 to enhance the antioxidant enzyme activity. Compared with
LALFVPR and PSRILYG, LALFVPR showed better effects in reducing oxidative stress and
lipid accumulation by regulating the expression levels of proteins closely related to lipid
metabolism, such as FASN, ACC1, ATGL, and CPT1. In addition, the inhibitory ability of
LALFVPR on pancreatic lipase activity is stronger than that of orlistat. This research pro-
vides support for the functional food of fish bone collagen peptides used in the treatment
of hyperlipidemia.

The papers in this Special Issue contain studies on bioactive peptides from C. frondosa,
H. nehereus, Antarctic krill (E. superba), Atlantic Salmon (S. salar), the mucus of S. lalandi and
S. violacea to P. martensii and U. prolifera. In addition, the derivatives of (−)-Doliculide were
synthesized. Moreover, it is worth noting that more than half of the included papers focus
on metabolism-related diseases such as hypertension, hyperlipidemia, and diabetes. This
indicates that metabolism-related diseases require more highly effective drugs, and the
significant activity of marine peptides in this regard shows their potential application value.

In conclusion, the Guest Editors thank all the authors who contributed to this Special
Issue, all the reviewers for evaluating the submitted manuscripts, and the Editorial Board
of Marine Drugs, especially Jane Qiao, Assistant Editor of this journal, for their continuous
help in making this Special Issue a reality.
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Abstract: The study aimed to investigate the effects of alcalase, papain, flavourzyme, and neutrase
on the structural characteristics and bioactivity stability of Cucumaria frondosa intestines and ovum
hydrolysates (CFHs). The findings revealed that flavourzyme exhibited the highest hydrolysis rate
(51.88% ± 1.87%). At pH 2.0, the solubility of hydrolysate was the lowest across all treatments, while
the solubility at other pH levels was over 60%. The primary structures of hydrolysates of different
proteases were similar, whereas the surface hydrophobicity of hydrolysates was influenced by the
types of proteases used. The hydrolysates produced by different proteases were also analyzed for
their absorption peaks and antioxidant activity. The hydrolysates of flavourzyme had β-fold absorp-
tion peaks (1637 cm−1), while the neutrase and papain hydrolysates had N-H bending vibrations.
The tertiary structure of CFHs was unfolded by different proteases, exposing the aromatic amino
acids and red-shifting of the λ-peak of the hydrolysate. The alcalase hydrolysates showed better
antioxidant activity in vitro and better surface hydrophobicity than the other hydrolysates. The
flavourzyme hydrolysates displayed excellent antioxidant stability and pancreatic lipase inhibitory
activity during gastrointestinal digestion, indicating their potential use as antioxidants in the food
and pharmaceutical industries.

Keywords: Cucumaria frondosa intestines; ovum hydrolysate; protease; structural characteristic;
bioactivity; simulated gastrointestinal digestion

1. Introduction

Sea cucumbers, a member of the phylum Echinodermata, are widely distributed in
both tropical and temperate waters, ranging from intertidal zones to the colder depths of
the ocean [1]. Sea cucumbers are known for their abundance of nutrients, including sea
cucumber peptides, polysaccharides, saponins, vitamins, and trace elements [2]. Research
has shown that these compounds have multiple activities, having antioxidant [3], anti-
bacterial [4], anticancer, antitumor, hypoglycemic [5], hypolipidemic [6], and hypotensive
effects [7]. The Cucumaria frondosa, also known as the Icelandic red cucumber or North
Atlantic sea cucumber, is a spiny-skinned marine animal belonging to the sea cucumber
family Cucumariidae. The species is the most abundant and widely distributed on the east
coast of Canada [8]. Cucumaria frondosa is primarily grown in Iceland near the Arctic Circle.
It grows at a depth of approximately 30 feet in the North Atlantic Ocean, with surface water
temperatures not exceeding 4 ◦C. The Cucumaria frondosa generally reaches over 10 years of
age [9]. Cucumaria frondosa is a sea cucumber variety that boasts superior quality due to
its minimal pollutant content and rich nutrient accumulation [10].
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However, after harvest, Cucumaria frondosa is commonly gutted, which involves re-
moving all internal organs, including the respiratory tract, ovum, and intestines, accounting
for approximately 50% of the total weight. Tripoteau et al. [11] demonstrated the in vitro
antiviral activity of Cucumaria frondosa, while Senadheera et al. [9] demonstrated the an-
tioxidant activity of hydrolyzed proteins from the body parts of the North Atlantic sea
cucumber. Unfortunately, despite the presence of various bioactive compounds, the offal of
Cucumaria frondosa is discarded entirely as waste, and the byproducts of Cucumaria frondosa
are under-exploited in comparison to other echinoderm species, resulting in significant
waste [12].

Proteins can serve as a functional substance, but studies have demonstrated that the
enzymatic hydrolysates of proteins exhibit higher biological activity [13]. The physico-
chemical properties and biological activity of hydrolysates depend mainly on the types of
proteases and the hydrolysis process [14]. However, limited research has been conducted on
the effects of different enzymatic hydrolyses on the structure, physicochemical properties,
and bioactivity of Cucumaria frondosa intestines and ovum.

The study aims to investigate the impact of different proteases on the structural char-
acteristics and biological activities of hydrolysates. Four hydrolysates, prepared using
alcalase, papain, flavourzyme, and neutrase, were selected based on their degree of hydrol-
ysis. The hydrolysates were evaluated for their antioxidant potential and pancreatic lipase
inhibitory activity. Additionally, the stability of their bioactivity was assessed after in vitro
gastrointestinal digestion. The findings of this study determine the optimal protease for
producing hydrolysates from the byproducts of Cucumaria frondosa and provide theoretical
support for their industrial use.

2. Results and Discussion

2.1. Degree of Hydrolysis (DH) of Hydrolysates Obtained by Different Proteases

Figure 1A displayed the DH values of four proteases under their respective optimal
conditions. The highest DH was observed in flavourzyme hydrolysates (51.88% ± 1.86%), fol-
lowed by alcalase hydrolysates (36.61% ± 0.60%) and neutrase hydrolysates (21.43% ± 0.14%),
while papain hydrolysates (18.33% ± 0.46%) had the lowest DH. The DH values were found
to be significantly different (p < 0.05) among the four CFHs. Alcalase, a deep endopeptidase,
primarily cleaves peptide bonds at the C-terminal polypeptide bond of hydrophobic amino
acids. The DH of the hydrolysates varied depending on the types of proteases used. The
DHs of the flavourzyme and alcalase hydrolysates were found to be higher compared to
those of neutrase and papain. The difference can be attributed to the fact that alcalase acts
as an endopeptidase with a serine active site, whereas flavourzyme is both an exopeptidase
and endopeptidase of a cysteine protease with a leucine aminopeptidase [15].

Figure 1. (A) Degrees of hydrolysis of different proteases. The lowercase letters indicate significant
differences (p < 0.05) in the DHs of CFHs obtained by different proteases’ hydrolysis. (B) Solubility
of hydrolysates.
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2.2. Solubility of Hydrolysates Obtained by Different Proteases

Hydrolysates′ solubility is a crucial physicochemical property that significantly influ-
ences their functional properties [16]. The solubility of hydrolysates prepared at various
pH levels (2.0–10.0) is shown in Figure 1B. The solubility of the hydrolysates was the
lowest for all treatments at a pH of 2.0. Enzymatic digestion alters the hydrophobicity of
protein hydrolysates by affecting the balance of the hydrophilic and hydrophobic groups
of the hydrolysates, as well as the release of polar and ionized groups [17]. In general, the
solubility improved as the pH shifted toward basic conditions. Similar solubility profiles
were observed in protein hydrolysates prepared from body wall of the North Atlantic sea
cucumber [9].

2.3. Structural Characteristics of Hydrolysates
2.3.1. Surface Hydrophobicity

The surface hydrophobicity of the hydrolysates is shown in Figure 2A.
Gbemisola et al. [18] found that the surface hydrophobicity of a protein depended on
its spatial conformations and the amount of amino acids exposed during proteolysis. Pep-
tidases can ruin hydrophobic areas, making them more hydrophilic and thus improving
the dispersibility of the hydrolysates in water. The alcalase hydrolysates had a signifi-
cantly higher surface hydrophobicity compared to the other three proteases, indicating
a higher concentration of aromatic amino acids. This finding was consistent with that of
Zohreh et al. [13].

Figure 2. (A) Surface hydrophobicity of hydrolysates; (B) UV–vis spectra of hydrolysates; (C) FTIR
spectra of hydrolysates; (D) intrinsic fluorescence spectroscopy of hydrolysates. The lowercase letters
indicate significant differences (p < 0.05) in the surface hydrophobicity of CFHs obtained by different
proteases’ hydrolysis.

2.3.2. Ultraviolet-Visible (UV-Vis) Spectroscopy Analysis

Figure 2B displayed that the UV-Vis spectra of these hydrolysates were quite similar,
with strong absorption peaks at 260 nm and 280 nm. This could be attributed to the
influence of tyrosine (278 nm) and phenylalanine (257 nm). The hydrolysates exhibited a
strong absorption peak around 280 nm, which is characteristic of hydrophobic amino acids
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such as tyrosine, phenylalanine, and tryptophan, indicating the hydrophobic property of
the extracted hydrolysates [19].

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The differences in the secondary structures of the hydrolysates were analyzed using
FTIR. The FTIR spectra of hydrolysates from different proteases are presented in Figure 2C.
FTIR is commonly used to examine peptides and proteins since it can detect the amide
(peptide) bonds, which exhibit distinct IR signals for folded peptides and proteins [20]. The
vibrational frequency is determined by the hydrogen bonding nature between C=O and C-N
in the amide-I band (1600–1700 cm−1). The α-helix structure is identified by the absorption
peak at 1650–1658 cm−1 in the amide-I band, while the β-fold structure is identified
by the peak at 1610–1640 cm−1. The random curl structure is identified by the peak at
1640–1650 cm−1, and the β-turn structure is identified by the peak at 1660–1695 cm−1. In
the amide III region, the β-fold structure is identified by the peak at 1181–1248 cm−1, the
β-turn structure is identified by the peak at 1270–1295 cm−1, and the irregular curl structure
is identified by the peak at 1255–1288 cm−1. The C=O stretching vibration absorption peak
is located at 1630–1680 cm−1 in the peptide bond, while the N-H bending vibration peak is
located around 1550 cm−1. The N-H stretching vibrations are identified by the absorption
peak around 3100–3500 cm−1 [21].

The FTIR spectra analysis revealed that hydrolysates treated with different pro-
teases exhibited changes in their spectra, with only slight shifts in bands. Specifically,
hydrolysates treated with alcalase, neutrase, and papain displayed irregular curls at
1645 cm−1, 1642 cm−1, and 1648 cm−1, respectively, whereas hydrolysates treated with
flavourzyme exhibited mainly β-fold absorption peaks at 1637 cm−1. The α-helix structure,
an ordered structure, is easily influenced by conformational changes. On the other hand,
the β-sheet and β-turn structures are also ordered structures but with relative stretches,
whereas the random coil structure is a disordered structure. The decrease in β-sheet struc-
tures in the hydrolysates and the increase in random coil structures indicated that the
protease treatments caused the ordered structure of CFHs to become disordered. Similarly,
the structure of mung bean protein enzymatic hydrolysates was analyzed, and it was found
that the neutrase and papain hydrolysates showed N-H bending vibrations, while the
flavourzyme and alcalase hydrolysates did not, suggesting that the N-H bending vibrations
were disrupted during the enzymatic digestion of the flavourzyme and alcalase [22].

2.3.4. Intrinsic Fluorescence Spectroscopy Analysis

Intrinsic fluorescence spectroscopy is a sensitive technique used to detect conforma-
tional changes in the tertiary structure of proteins [23]. This is achieved by exciting the
aromatic amino acid residues (Trp, Tyr, and Phe) with excitation light, which produces
fluorescence [24]. Figure 2D shows that the fluorescence emission spectra of flavourzyme,
alcalase, and neutrase hydrolysates were red-shifted as compared to those of papain. This
shift might be attributed to changes in the protein structure after enzymatic hydrolysis. The
side-chain groups of the aromatic amino acid residues that were originally buried in the
protein were gradually exposed to the molecular surface, resulting in a change in the polar
environment of the tryptophan residues and leading to the red shift of the peak.

2.4. Antioxidant Activity of Hydrolysates Obtained by Different Proteases

Examination of the DPPH radical scavenging activity is a commonly used technique
for assessing the in vitro antioxidant activity of compounds. The technique is based on the
principle that DPPH provides maximum absorbance at 517 nm. The antioxidant activity
of the hydrolysate is expressed as a decrease in absorbance or a decrease in the pure
color intensity of the sample [25]. As shown in Figure 3A, the DPPH radical scavenging
capacity of all samples was concentration-dependent and exhibited stronger scavenging
ability with increasing concentration. The flavourzyme hydrolysates showed significantly
higher scavenging activity than the other three proteases. At a concentration of 8 mg/mL,
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the scavenging activity of flavourzyme hydrolysates was comparable to that of ascorbic
acid. Moreover, nearly all samples treated with flavourzyme or its combination exhibited
relatively high DPPH radical scavenging activity [9].

 

Figure 3. (A) DPPH radical scavenging activity of hydrolysates; (B) hydroxyl radical scavenging
activity of hydrolysates; (C) ABTS radical scavenging activity of hydrolysates; (D) superoxide anion
scavenging activity of hydrolysates; (E) reducing capacity of hydrolysates; and (F) metal-chelating
activity of hydrolysates. Purple diamonds represent ascorbic acid; black boxes represent neutrase;
red circles represent papain; green inverted triangles represent flavourzyme; and blue triangles
represent alcalase.

Hydroxyl radicals are highly reactive free radicals found in biological tissues that can
cause physiological disorders by reacting with proteins, DNA, and lipids. These radicals
play an essential role in lipid peroxidation and hydrophilic oxidation [26]. Figure 3B
shows that the hydroxyl radical scavenging activity increased significantly (p < 0.05) with
increasing the sample concentration from 0.2 to 0.6 mg/mL and tended to level off at
0.6–1.0 mg/mL. The free radical scavenging activity of alcalase and papain hydrolysates at
a concentration of 0.8 mg/mL was found to be similar to that of ascorbic acid. The strong
hydroxyl radical scavenging activity can be attributed to the high content of hydrophobic
amino acids [26]. It has been shown that the presence of a benzene ring group in aromatic
amino acids acts as an oxidative chain breaker through the hydrogen-atom transfer (HAT)
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mechanism. In a study conducted by Kai Wang et al. [27], it was revealed that alcalase and
papain hydrolysates contained higher levels of aromatic amino acids, which resulted in an
increased hydroxyl radical scavenging capacity of these two hydrolysates.

The decolorization of the radical ABTS cation in the green solution (ABTS•+) is used
to confirm the radical activity of the hydrolysates [28]. As depicted in Figure 3C, the ABTS
radical scavenging activity of the CFHs was found to be concentration-dependent, with
alcalase showing significantly higher (p < 0.05) activity than the other three proteases.
This could be attributed to the synergistic effect of the peptides in the hydrolysate on the
ABTS radical scavenging activity. The ABTS radical scavenging activity of the alcalase
hydrolysate at a concentration of 1 mg/mL was found to be comparable to that of ascorbic
acid. A study by Zohreh Karami et al. [13] revealed that the ABTS radical scavenging
activity of hydrolysates from adzuki bean (Vigna angularis) and mung bean (Vigna radiata)
protein concentrates was significantly higher (p < 0.05) using alcalase in comparison to
using flavourzyme hydrolysates.

According to Figure 3D, the CFHs exhibited a lower superoxide anion scavenging
activity (p < 0.05) compared to the ascorbic acid. No significant difference (p > 0.05) in scav-
enging activity between flavourzyme and alcalase was observed, but both showed higher
activity than neutrase and papain. It is possible that CFHs contain inactive polypeptides,
resulting in an overall lower clearance activity [21].

The potential antioxidant capacity of protein hydrolysates is often measured by their
reduction capacity [29]. Figure 3E demonstrates that the reduction capacity of CFHs
was concentration-dependent. The radical scavenging activity of the flavourzyme hy-
drolysate was significantly higher (p < 0.05) than the activity of the other three proteases. At
30 mg/mL, the activity of the flavourzyme hydrolysate was similar to that of the ascorbic
acid. The reduction capacity was influenced by the concentration and type of proteases.
This might be due to the fact that flavourzyme increased the number of free amino acids,
thereby increasing the number of protons and electrons exposed and available for redox
reactions [25].

As shown in Figure 3F, the metal-chelating activity of the CFHs increased as the
concentration increased (p < 0.05). The hydrolysates of alcalase, papain, and neutrase all
exhibited significantly higher chelating activity than that of the ascorbic acid, especially
alcalase hydrolysates, showing the highest activity. Additionally, the flavourzyme hy-
drolysate demonstrated higher chelating activity than the ascorbic acid at concentrations
above 0.8 mg/mL. Our findings were in agreement with those of Liu et al. [22] and Zohreh
Karami et al. [13], who found that alcalase was more effective than flavourzyme, papain,
and neutrase in producing metal-chelating peptides from adzuki bean (Vigna angularis) and
mung bean (Vigna radiata) proteins. Alcalase is a highly effective protease with a wide range
of specificity, capable of cleaving polypeptide bonds and releasing additional carboxyl and
amino groups on branched chains, leading to the liberation of more acidic and basic amino
acids, with a particular emphasis on Phe, Tyr, and Lys. The end result is an increase in the
negative charge, which in turn facilitates the binding of Fe2+ radicals [13,22,30].

2.5. Effect of Different Proteases on the Pancreatic Lipase Inhibitory Activity of Hydrolysates

Pancreatic lipase is the primary enzyme responsible for breaking down triacylglycerols
during fat digestion and absorption in the intestine. To limit intestinal fat absorption,
pancreatic lipase inhibitors have been developed and shown to be effective in controlling
hyperlipidemias, making them promising drugs for weight loss. Figure 4 displays the
pancreatic lipase inhibitory activity of hydrolysates created from different proteases at
20 mg/mL. Flavourzyme hydrolysates had greater pancreatic lipase inhibitory activity
(62.27% ± 0.73%) compared to those of papain (61.36% ± 2.93%), neutrase (50.18% ± 2.74%),
and alcalase (47.34% ± 0.46%) hydrolysates. In a study conducted by Priti Mudgil et al. [31],
it was found that the hydrolysates obtained through papain had superior pancreatic lipase
inhibitory activity compared to that of those obtained through alcalase. Another recent
study suggested that the pancreatic lipase inhibitory activity of CFHs was weaker than
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camel casein hydrolysates, which could be attributed to the longer enzymatic digestion
time of CFHs [32].

Figure 4. Pancreatic lipase inhibitory activity of hydrolysates. The lowercase letters indicate signifi-
cant differences (p < 0.05) in the pancreatic lipase inhibitory activity of CFHs obtained by different
proteases’ hydrolysis.

2.6. Bioactivity Stability of CFHs after Simulated Gastrointestinal Digestion In Vitro

In recent times, in vitro digestion models have proven to be a valuable tool for compre-
hending the structural and chemical transformations that occur during simulated gastroin-
testinal conditions. These models have been widely employed to assess the digestibility,
bioavailability, and physicochemical properties of peptides [33]. During digestion, the
biological activity of hydrolysates can either be activated or inactivated. One of the crucial
determinants of the bioactivity of peptides in vitro is their resistance to gastrointestinal
digestion [15]. The study investigated the changes in the stability of antioxidant activity
and pancreatic lipase inhibitory activity in CFHs obtained from different proteases during
simulated gastrointestinal digestion in vitro.

2.6.1. Antioxidant Activity

According to the findings presented in Figure 5, the antioxidant activity of the CFHs
persisted after simulated gastrointestinal digestion in vitro. The hydroxyl radical scaveng-
ing activity and superoxide anion scavenging activity were observed to be significantly
higher (p < 0.05), while the DPPH radical scavenging activity, ABTS radical scavenging
activity, and reduction capacity were significantly lower (p < 0.05). The results could be
attributed to a decrease in the quantity of amino acids possessing antioxidant activity in
CFHs during simulated gastrointestinal digestion in vitro [33]. The antioxidant activity
of peptides is related to their structural characteristics such as hydrophobicity, sequence,
and amino acid composition [33]. After simulated gastrointestinal digestion in vitro, the
metal-chelating activity of hydrolysates obtained by each protease increased significantly
(p < 0.05), except for that of the alcalase hydrolysates. The finding was consistent with a
study conducted by Zhang et al. [15]. As shown in Figure 5, the flavourzyme CFHs exhib-
ited higher gastrointestinal digestive stability than the other three proteases, indicating that
the stability of the hydrolysates during gastrointestinal digestion was influenced by the
protease used [15,33].
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Figure 5. The antioxidant activity stability of CFHs before and after simulated gastrointestinal diges-
tion in vitro. The uppercase letters represent significant differences (p < 0.05) in the activity of CFHs
before and after simulated gastrointestinal digestion in vitro, while the lowercase letters indicate
significant differences (p < 0.05) in the activity of CFHs obtained by different proteases’ hydrolysis.

2.6.2. Pancreatic Lipase Inhibitory Activity

As shown in Figure 6, the pancreatic lipase inhibitory activity of the hydrolysates
obtained by all proteases decreased significantly (p < 0.05) after simulated gastrointestinal
digestion in vitro. The highest inhibitory activity was observed in the flavourzyme after
digestion (44.12% ± 0.49%). The results of the antioxidant activity stability were consistent
with the above findings. The interaction of the peptide with phospholipase is inhibited
by lipase [34]. Peptides that can bind more binding sites are dominated by hydrophobic
amino acids, such as folic acid and proline [34]. The decrease in activity after simulated
gastrointestinal digestion in vitro might be attributed to a reduction in the hydrophobic
amino acid content of the individual hydrolysates after digestion.

Figure 6. The pancreatic lipase inhibitory activity stability of CFHs. The uppercase letters represent
significant differences (p < 0.05) in the activity of CFHs before and after simulated gastrointestinal
digestion in vitro, while the lowercase letters indicate significant differences (p < 0.05) in the activity
of CFHs obtained by different proteases’ hydrolysis.

14



Mar. Drugs 2023, 21, 395

3. Materials and Methods

3.1. Materials and Reagents

Fresh Cucumaria frondosa intestines and ovum were purchased from Haizhongbao
seafood trading center (Yantai, China). Neutrase (50,000 U/g), alcalase (200,000 U/g),
flavourzyme (15,000 U/g), and papain (100,000 U/g) were of food grade and were pur-
chased from Solarbio Biotechnology Co. Ltd. (Beijing, China). All other reagents and
chemicals used in this study were of analytical grade and were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China).

3.2. Preparation of Hydrolysates

As shown in Table 1, CFHs were prepared by hydrolyzing Cucumaria frondosa intestines
and ovum with proteases at optimum temperature and mild agitation at 100 rpm in an
orbital shaker incubator. Once the hydrolysis was complete, the mixture was heated in a
boiling water bath for 15 min to stop the hydrolysis. After cooling the mixture in ice water,
it was centrifuged at 10,000× g for 15 min at 4 ◦C, and the resulting supernatants were
lyophilized to obtain the final CFH product.

Table 1. Hydrolysis conditions of different proteases.

Proteases Temperature (◦C) pH
Solid–Liquid
Ratio (w/v)

Proteases Addition
(U/g Protein)

Time (h)

Neutrase 50 7 1:20 6000 7
Alcalase 60 10.5 1:20 7000 7

Flavourzyme 35 5.5 1:15 10,000 9
Papain 60 7.5 1:8 7000 7

3.3. Determination of DH

The DH was determined using a modified ninhydrin colorimetric method [35]. A
sample was taken in a test tube and 1 mL of ninhydrin solution was added. The mixture
was sealed with plastic wrap and heated in a boiling water bath for 15 min. After boiling,
the tube was rapidly cooled in cold water and 5 mL of 40% ethanol solution was added.
The solution was shaken well until it faded to brownish-red and left at room temperature
for 10 min. The solution was zeroed with distilled water and the absorbance was measured
at 570 nm.

DH (%) = h/htot × 100 (1)

where h represents the number of millimoles of peptide bonds cleaved per gram of sample
(mmol), and htot represents the number of millimoles of peptide bonds per gram of sample
(mmol). For this experiment, a value of 7.99 mmol/g was used based on the amino acid
composition of the sample.

3.4. Solubility

The solubility of the proteins in the hydrolysates was determined according to the
method described by Vásquez [36] with slight modifications. The hydrolysates were
dissolved in distilled water at a concentration of 1% w/v, and the pH of the mixture was
adjusted to 2.0, 4.0, 6.0, 8.0, and 10.0 using either 1 mol/L NaOH or 1 mol/L HCl. After
centrifugation at 4000 rpm for 20 min, the soluble fraction (supernatant) was collected,
and the protein content was determined using the Lowry and Randall [37] method. The
percentage of solubility was calculated according to the following equation.

Solubility (%) = (Protein content of the supernatant)/(Protein content of the sample) × 100 (2)
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3.5. Structural Characteristics of CFHs
3.5.1. Surface Hydrophobicity

The surface hydrophobicity of the samples was determined using the method devel-
oped by Zhang et al. [38]. We used 1-anilino-8-naphthalenesulfonate (ANS), a hydrophobic
probe. Each sample was diluted with 0.1 M phosphate buffer (pH 7.0) to a concentration of
1 mg/mL and mixed with 20 μL of 8 mM ANS solution and 2 mL of ACH hydrolysate. The
fluorescence intensity of each sample was measured at an excitation wavelength of 375 nm
and a scanning (SHIMADZU, Tohoku, Japan) wavelength range of 400–650 nm.

3.5.2. UV-Vis Spectroscopy

A UV-Vis spectrum (UV-Vis Spectroscopy, METASH, Shanghai, China) was obtained
by dissolving 15 mg of the CFHs in 10 mL of ultrapure water to acquire a concentration of
1.5 mg/mL and scanning in the range of 200–600 nm.

3.5.3. FTIR

Two mg samples of enzymatic hydrolysates were compressed with potassium bromide.
The infrared spectrometer (Perkin Elmer, Waltham, MA, USA) was utilized for a full-
spectrum scan with a resolution of 4 cm−1, ranging from 4000 to 400 cm−1. The Spectrum
10.4.1 software version was employed for infrared spectrum mapping and data collection.

3.5.4. Intrinsic Fluorescence Spectroscopy

The fluorescence spectra of protein hydrolysates were measured through fluores-
cence spectrophotometry (SHIMADZU, Tohoku, Japan), following the method outlined
by Du et al. [24]. The excitation wavelength was set at 290 nm, and the emission spectrum
range was set from 330–550 nm with a gap width of 5 nm. Prior to measurement, the
sample was diluted to a concentration of 0.2 mg/mL in a phosphate buffer with a pH of 7.0.

3.6. Antioxidant Activity of CFHs
3.6.1. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of protein hydrolysate was determined as
described by Du Mx [39] with slight modifications. The samples were prepared at different
concentrations (4.0, 5.0, 6.0, 7.0, and 8.0 mg/mL) and mixed with DPPH (0.2 mM) in equal
proportions. The mixture was allowed to stand in the dark for 30 min, and the absorbance
was monitored at 517 nm using a microplate reader (Thermo Scientific, Pleasanton, CA,
USA). Anhydrous ethanol was used as the blank control, and VC was used as the positive
control. The DPPH radical scavenging activity was calculated as follows:

DPPH radical scavenging activity (%) = [1 − (A1 − A2)/A0] × 100 (3)

where A0 represents the absorbance value of anhydrous ethanol instead of sample, A1
represents the absorbance value of the sample group, and A2 represents the absorbance
value of anhydrous ethanol instead of DPPH.

3.6.2. Hydroxyl Radical Scavenging Activity

The hydroxyl radical scavenging activity was determined using a modified method
based on Zhou et al. [40]. In short, a mixture of 1.0 mL FeSO4 (2 mM), 1.0 mL salicylic
acid-ethanol solution (6 mM), and 1.0 mL sample (0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL) was
prepared. To the mixture, 1.0 mL H2O2 (6 mM) was added and incubated at 37 ◦C for
30 min. The absorbance of the mixture was immediately measured at 510 nm using a
microplate reader (Thermo Scientific, USA). The hydroxyl radical scavenging activity was
calculated using the following formula:

Hydroxyl radical scavenging activity (%) = [1 − (A2 − A1)/A0)] × 100 (4)
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where A0 represents the absorbance value of distilled water instead of the sample, A1
represents the absorbance value of distilled water instead of the hydrogen peroxide solution,
and A2 represents the absorbance value of the sample mixed with ferrous sulfate, hydrogen
peroxide, and salicylic acid ethanol solution.

3.6.3. Superoxide Anion Scavenging Activity

The superoxide anion scavenging activity was measured with reference to the method
developed by Xie et al. [41]. Samples of 0.5 mL each (1.8, 2.0, 2.2, 2.4, and 2.6 mg/mL) were
mixed with 5.0 mL of Tris-HCl buffer solution (50 mM, pH 8.2) and incubated in a water
bath at 25 ◦C for 20 min, followed by the addition of 0.5 mL of 3 mM pyrogallol solution
pre-heated to 25 ◦C. The absorbance values were measured at 325 nm every 30 s for 5 min.
Ascorbic acid was used as a positive control. The superoxide anion scavenging activity was
calculated using the following equation:

Superoxide anion scavenging activity (%) = (1 − A1/A0) × 100 (5)

where A1 represents the absorbance value of the sample group, and A0 represents the
absorbance value of the blank group.

3.6.4. Reduction Capacity

To determine the reduction capacity, the method of Liu et al. [42] was used with some
modifications. A total of 1 mL of each CFH at different concentrations (10.0, 15.0, 20.0,
25.0, and 30.0 mg/mL) was mixed with 2.5 mL of 1% potassium ferricyanide solution
and 2.5 mL of 0.2 M phosphate buffer (pH 6.6). The resulting mixture was placed in a
50 ◦C water bath for 20 min and cooled to room temperature, and 2.5 mL of 10% TCA
was added. After centrifugation at 3000 rpm for 10 min, 2.5 mL of the supernatant was
transferred into a test tube, then 2.5 mL of distilled water and 0.5 mL of 0.1% FeCl3 were
added. The absorbance values of the mixture were measured at 700 nm using an enzyme
marker (Thermo Scientific, CA, USA). An increase in the absorbance value indicated an
increase in the reduction capacity.

3.6.5. Metal-Chelating Activity

The Fe2+ chelating activity was determined as follows [21]: 100 μL of the sample at
concentrations of 4.0, 6.0, 8.0, 10.0, and 12.0 mg/mL, along with 135 μL of distilled water
and 5 μL of 2 mM FeCl2, were mixed together. After 3 min, 10 μL of 5 mM iron reagent
was added to the mixture. The mixture was then shaken at 25 ◦C and allowed to stand for
10 min. Finally, the absorbance was measured at 562 nm using a microplate reader (Thermo
Scientific, USA). The absorbance of the blank was also determined using distilled water.
The metal-chelating activity was determined as follows:

Metal-chelating activity (%) = (1 − A1/A0) × 100 (6)

where A1 represents the absorbance value of the sample group and A0 represents the
absorbance value of the blank group.

3.6.6. ABTS Radical Scavenging Activity

The ABTS radical scavenging ability of the CFHs was determined using the method
described by Liu et al. [42]. A solution of ABTS (7.0 mmol/L) and potassium persulfate
(2.45 mmol/L) was mixed at a 1:1 ratio and left to react in the dark for 12 h. The resulting
solution was diluted with ethanol to an absorbance of approximately 0.70 ± 0.05 at 734 nm
and stored in a dark environment. Samples with varying concentrations (0.2, 0.4, 0.6, 0.8,
and 1 mg/mL) were mixed with ABTS solution at a 1:8 ratio and incubated for 10 min at
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37 ◦C. The absorbance was measured at A734 and the ABTS radical scavenging ability was
calculated using the following formula:

ABTS radical scavenging activity (%) =(1 − A1/A0) × 100 (7)

where A0 represents the absorbance value of the blank group and A1 represents the ab-
sorbance value of the sample group.

3.7. Pancreatic Lipase Inhibitory Activity

According to the method by Fisayo et al. [43], 50 μL of different CFH samples, along
with 25 μL of 5 mM p-nitrophenyl butyrate and 55 μL of sodium phosphate buffer (100 mM,
pH 7.4, containing 100 mM NaCl), were mixed together and added to a 96-well microplate.
The mixture was preincubated at 37 ◦C for 5 min. The reaction was initiated by the addition
of 20 μL of 50 mg/mL pancreatic lipase, and the final volume was adjusted to 150 μL with
assay buffer. The reaction plate was then incubated at 37 ◦C for 30 min, and the absorbance
of released p-nitrophenyl produced for each test sample was recorded at 405 nm using a
microplate reader (Thermo Scientific, USA). The pancreatic lipase inhibitory activity was
determined using the following equation:

Pancreatic lipase inhibitory activity (%) = [A1 − (A2 − A3)]/A1 × 100 (8)

where A1 represents the absorbance value without adding a sample, A2 represents the
absorbance value after adding the sample, and A3 represents the absorbance value after
adding the sample but without adding the substrate and enzyme solution.

3.8. Simulated Gastrointestinal Digestion In Vitro of Hydrolysates

The hydrolysates underwent digestion in vitro according to the method of Minekus
et al. [44]. In brief, a 5 mL of sample was combined with 7.5 mL of simulated gastric fluid
containing 1.6 mL of pepsin (2000 U/mL). The mixture was stirred for 2 h at 37 ◦C at a speed
of 200 rpm. The gastric phase was then interrupted by adjusting the pH to 7.0 with 1 mol/L
NaOH. Next, 5 mL of trypsin solution (100 U/mL) and 11 mL of simulated intestinal fluid
were added to the digested sample. The mixture was then stirred for another 2 h at 37 ◦C
at a speed of 200 rpm. After completion, the final mixture was immediately placed in ice
water for precooling for 10 min, followed by refrigeration at −40 ◦C for 10 min to halt the
trypsin reaction. The resulting hydrolysates from the gastric and gastrointestinal phases
were collected, frozen, and freeze-dried for subsequent analysis.

3.9. Statistical Analysis

The experimental data were tested in triplicate, and the results are presented as the
average ± standard deviation (n = 3). The ANOVA analysis was performed using SPSS
13.0 software (SPSS Inc., Chicago, IL, USA).

4. Conclusions

In this study, we investigated the structural characteristics, antioxidant activities,
pancreatic lipase inhibitory activity, and stability of hydrolysates produced using four
different proteases. The selection of protease types is crucial for the production of bioactive
hydrolysates as it can significantly impact their biological activity. We found that the
alcalase hydrolysate exhibited the highest surface hydrophobicity, which can be attributed
to the exposure of numerous hydrophobic groups. As a result, the alcalase hydrolysates
demonstrated superior antioxidant activity, including hydroxyl radical scavenging activity,
ABTS radical scavenging activity, and metal-chelating activity compared to the other
hydrolysates. Meanwhile, the flavourzyme hydrolysate had the highest DH and exhibited
the highest DPPH radical scavenging activity, reduction capacity, and pancreatic lipase
inhibitory activity. Papain, on the other hand, exhibited a high hydroxyl radical scavenging
activity and demonstrated the highest solubility across different pH levels. Additionally,
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the hydrolysates of flavourzyme displayed excellent antioxidant stability and showed
pancreatic lipase inhibitory activity during simulated gastrointestinal digestion in vitro.
Based on these findings, the hydrolysates of Cucumaria frondosa intestines and ovum
prepared using flavourzyme were identified as the optimal choice for the production of
functional foods with biological activity. These results suggest that CFHs have the potential
to be utilized as antioxidants and for their hypolipidemic activity in functional foods,
dietary supplements, and nutraceuticals.
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Abstract: Oxidative stress and abnormal glucose metabolism are the important physiological mech-
anisms in the occurrence and development of diabetes. Antioxidant peptides have been reported
to attenuate diabetes complications by regulating levels of oxidative stress, but few studies have
focused on peptides from marine bone collagen. In this study, we prepared the peptides with a
molecular weight of less than 1 kD (HNCP) by enzymolysis and ultrafiltration derived from Harpadon
nehereus bone collagen. Furthermore, the effects of HNCP on blood glucose, blood lipid, liver struc-
ture and function, oxidative stress, and glucose metabolism were studied using HE staining, kit
detection, and Western blotting experiment in streptozocin-induced type 1 diabetes mice. After
the 240 mg/kg HNCP treatment, the levels of blood glucose, triglyceride (TG), and low-density
lipoprotein cholesterol (LDL-C) in streptozotocin-induced diabetes mice decreased by 32.8%, 42.2%,
and 43.2%, respectively, while the levels of serum insulin and hepatic glycogen increased by 142.0%
and 96.4%, respectively. The antioxidant enzymes levels and liver function in the diabetic mice were
markedly improved after HNCP intervention. In addition, the levels of nuclear factor E2-related
factor 2 (Nrf2), glucokinase (GK), and phosphorylation of glycogen synthase kinase-3 (p-GSK3β)
in the liver were markedly up-regulated after HNCP treatment, but the glucose-6-phosphatase
(G6Pase) and phosphoenolpyruvate carboxykinase1 (PEPCK1) were down-regulated. In conclusion,
HNCP could attenuate oxidative stress, reduce blood glucose, and improve glycolipid metabolism in
streptozocin-induced type 1 diabetes mice.

Keywords: diabetes; collagen peptides; Nrf2; glucose metabolism; oxidative stress

1. Introduction

Diabetes mellitus is a syndrome characterized by the disorder of sugar and lipid
metabolism. Diabetes is known as a “silent killer” due to a large number of chronic com-
plications [1,2]. Low levels of in insulin in the body and a decline in glucose metabolism
will lead to an increase in blood glucose [3]. At present, some enzymes related to glu-
cose metabolisms, such as glucokinase (GK) [4], phosphoenolpyruvate carboxykinase1
(PEPCK1) [5], and glucose-6-phosphatase (G6Pase) [6], have been confirmed to be asso-
ciated with diabetes. Under long-term high hyperglycemia, a large number of reactive
oxygen species (ROS) are accumulated in the body, resulting in cell damage and tissue
dysfunction. The liver is damaged due to the long-term accumulation of hyperglycemia [7],
which can cause metabolic abnormalities and dysfunction, and eventually lead to non-
alcoholic fatty liver and other complications [8,9]. Studies have shown that diabetes and
its complications are closely related to oxidative stress and glucose metabolism caused by
high glucose, but the mechanism is still unclear [10,11].
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Because oxidative stress is closely related to diabetes, one of the potential strategies
for preventing and treating diabetes is to reduce oxidative stress levels [12]. Studies have
reported that some bioactive peptides have dual antioxidation and hypoglycemic functions,
such as peptides from yeast hydrolysates [13], milk protein-derived hydrolysates [14], and
egg-yolk protein hydrolysates [15]. In the past decades, bioactive peptides from marine
organisms have attracted extensive attention due to their various biological properties, in-
cluding antioxidant [16–18], antihypertensive [19], antidiabetic [20], immunoregulation [21],
and antifatigue [22] properties. The Bombay duck (Harpadon nehereus), an important edi-
ble fish in China, is widely distributed in the coastal areas of China. The meat of Harpadon
nehereus is soft, tender and smooth, and rich in protein (up to 70% of the dry weight) [23].
The bones of the Harpadon nehereus are discarded because they are not edible, but they
are rich in collagen and calcium, causing a waste of resources. Therefore, the preparation
of collagen peptides with nutritional or medical value from Harpadon nehereus bones can
greatly improve the economic value of Harpadon nehereus.

Nuclear factor E2-related factor 2 (Nrf2) plays a backbone role in cellular antioxidant
defense. Nrf2 regulates the expression of antioxidant enzyme genes by binding to anti-
response elements (ARE) [24]. In addition to Nrf2, the ARE binding site is also the target
gene for NAD(P)H quinone oxidoreductase 1 (NQO1) and heme-oxygenase (HO-1) [25].
The activation of the Nrf2-ARE signal pathway has been shown to reduce the production of
free radicals and oxidative stress, playing a protective role in the kidney [26,27]. However,
it has not been elucidated yet whether collagen peptides from Harpadon nehereus bones
have preventive and therapeutic effects on streptozocin-induced diabetes. Therefore,
the purpose of this study was to evaluate the therapeutic effect and explore the potential
mechanism of collagen peptides from Harpadon nehereus in streptozocin-induced diabetic
mice, laying a theoretical foundation for the application of collagen peptides in diabetes
prevention.

2. Results

2.1. Preparation of HNCP and Its Antioxidative Activity

The hydrolysates of bone collagen from Harpadon nehereus were analyzed by high-
performance liquid chromatography (HPLC) with chromatographic column TSK-GEL
2000SWXL. The ribonuclease A, aprotinin, bacitracin, and glycine-glycine-glycine were
used as the standard substances. As shown in Figure 1A, all the standard substances were
eluted within 20 min. According to the relationship between the logarithm of relative
molecular mass (lg Mw) and retention time (t) of each standard, the standard curve was
obtained: lg Mw = −0.4105t + 7.3036, R2 = 0.997. The molecular weight logarithm showed
a good correlation with the retention time under the chromatographic conditions. Thus,
the standard curve was used to evaluate the molecular weight distribution of peptides
in the hydrolysates of the bone collagen from Harpadon nehereus. Figure 1B shows that
the molecular weight (Mw) of the hydrolysates by protease was mostly distributed below
3 kDa. According to the range of the molecular weight, the peptides were divided into five
components, which were respectively named HNCP (Mw < 1 kDa), HNCP 1 (1~3 kDa),
HNCP 2 (3~5 kDa), HNCP 3 (5~10 kDa), and HNCP 4 (Mw > 10 kDa). The content and
DPPH• scavenging rate of HNCP were 37.3% and 44.1%, respectively, both of which were
the highest among all components (Figure 1C,D). The amino acid analysis (Table 1) showed
that HNCP was rich in glycine (Gly, 336.2 residues), alanine (Ala, 117.3 residues), and
proline (Pro, 116.0 residues) but low in hydrophobic amino acids such as phenylalanine
(Phe, 12.3 residues), isoleucine (Ile, 12.3 residues), and tyrosine (Tyr, 4.2 residues). In
addition, the contents of hydroxyproline (Hyp) and glutamic acid (Glu) were more than
70 residues/1000 residues.
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Figure 1. The HPLC diagram of standards (A) and hydrolysates of bone collagen from Harpadon ne-
hereus (B); The DPPH• scavenging activity (C) and content (D) of each component in the hydrolysates.
Values with different letters (a–d) indicate significant differences between groups (p < 0.05).

Table 1. Amino acid composition of HNCP.

Amino Acid Residues/1000 Residues

Aspartic acid (Asp) 47.4
Threonine (Thr) 29.2

Serine (Ser) 34.8
Glutamic acid (Glu) 71.4

Glycine (Gly) 336.2
Alanine (Ala) 117.3
Valine (Val) 26.1

Methionine (Met) 11.6
Isoleucine (Ile) 12.3
Leucine (Leu) 27.8
Tyrosine (Tyr) 4.2

Phenylalanine (Phe) 12.3
Lysine (Lys) 22.0

Histidine (His) 6.0
Arginine (Arg) 37.3
Proline (Pro) 116.0

Hydroxyproline (Hyp) 76.5
Hydroxylysine (Hyl) 11.9

2.2. Effects of HNCP on Glucose Metabolism in Diabetic Mice

The intervention effect of HNCP on glucose metabolism in STZ-induced type 1
diabetic mice was investigated. The blood glucose of mice in the Con group (the normal
mice group) remained at a normal level all the time and was markedly lower than that of
diabetic mice. After intervention with HNCP as shown in Figure 2A, the blood glucose
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levels gradually decreased and were significantly lower than those in the DM group
(STZ-induced model group). Compared with that in the Con group, the serum insulin
content in the DM group was significantly decreased (p < 0.05). Remarkably, the serum
insulin levels of diabetic mice after HNCP intervention increased significantly to the
level of the Con group (Figure 2B), but there was no significant difference between the
80 mg/kg and 240 mg/kg HNCP groups.

  

  

  

Figure 2. Effects of HNCP treatments on blood glucose (A), serum insulin (B), glucose tolerance
(C,D), and glycogen levels (E,F) in STZ-induced type 1 diabetic mice. Values with different letters
(a–d) indicate significant differences between groups at the same time (p < 0.05); Values with different
letters (α–γ) indicate significant differences between different times in the same group (p < 0.05).

The oral glucose tolerance test was used to measure glucose tolerance in the diabetic
mice, which can evaluate the secretory function of pancreatic β cells and reflect the ability
to regulate blood glucose. After glucose intragastric administration, blood glucose rose
rapidly to the highest levels in all groups and then declined (Figure 2C). At 120 min, the
blood glucose levels in the Con group returned to normal but remained at a high level
in the diabetic mice. However, high levels of blood glucose in the diabetic mice were
significantly decreased by the HNCP intervention. Compared with the Con group, AUC
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increased significantly in the DM group (Figure 2D). The AUC value of the HNCP group
was significantly lower than that of the DM group (p < 0.05). However, there was no
significant difference in the AUC values of different doses of HNCP.

Glucose is mainly stored in the body as glycogen, which maintains the stability of
blood glucose by synthesis or decomposition. Glycogen contents in diabetic mice were
analyzed, and the results are shown in Figure 2E,F. Lower levels of liver and muscle
glycogen were observed in the DM group relative to that of the Con group (p < 0.05). It
was observed that the glycogen levels of two organs were significantly increased (p < 0.05)
after metformin (MET) and HNCP treatments. However, the high-dose HNCP (240 mg/kg)
group did not show higher glycogen levels than the low-dose (80 mg/kg) HNCP group.
These results indicate that HNCP can promote glycogen synthesis in diabetic mice and
increase the ability of glucose uptake in the blood.

2.3. Effects of HNCP on Blood Lipids in Diabetic Mice

The liver plays an important role in all stages of lipid metabolism, synthesis, and
transport. Diabetes often leads to impaired liver function, which leads to dyslipidemia and
accelerates liver damage. To investigate the improvement effects of HNCP on dyslipidemia,
the contents of triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-C) in serum were measured. As
depicted in Figure 3A–D, serum TG, TC, and LDL-C contents in the DM group were
significantly increased compared with the Con group (p < 0.05), while HDL-C content was
significantly decreased (p < 0.05). HNCP intervention reversed the change trends of serum
TG, TC, LDL-C, and HDL-C in the diabetic mice. In particular, the levels of TC, LDL-C, and
HDL-C in the high-dose (240 mg/kg) HNCP group returned to the same levels as those in
the Con group. There were significant differences in LDL-C and HDL-C levels between the
two concentrations of HNCP groups, showing a concentration-dependent relationship, but
no such relationship was observed for TC and TG levels. These results suggest that HNCP
can effectively mitigate dyslipidemia in diabetic mice.

Figure 3. Effects of HNCP treatments on the contents of TG (A), TC (B), LDL-C (C), and HDL-C (D) in
serum of STZ-induced type 1 diabetic mice. Values with different letters (a–c) represent significant
differences between groups (p < 0.05).
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2.4. Improvement of HNCP on Liver and Pancreas Injury in Diabetes Mice

H&E staining in the liver and pancreas was performed to investigate the effects of
HNCP treatment on the histological alterations of the liver and pancreas. As shown in
Figure 4A, cells in the Con group were of a regular shape with clear boundaries, but
more serious necrosis was observed in the DM group relative to that of the Con group.
Meanwhile, hepatocytes were swollen and disordered, and some hepatocytes around the
central vein were vacuolated in the DM group. However, it was observed that the adipose
vacuoles and swelling of hepatocytes were significantly alleviated after MET and HNCP
administration. Pancreatic islets (black arrow in Figure 4B) in the pancreas of mice in the
Con group were normal in shape, clear in outline, and abundant in quantity. In the DM
group, the volume and morphology of pancreatic islets were clearly changed. Blurred
outlines, scattered structures, and a reduced number of pancreatic islets were observed.
After the intervention of HNCP, the shape of pancreatic islets changed regularly, and the
outline became clearer relative to that in the DM group.

Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) are important
indicators of liver function. To determine the improvement effects of HNCP treatment
on liver function in the diabetic mice, the levels of plasma AST and ALT were measured
(Figure 4C,D). AST and ALT levels in the DM group were observed to be higher than those
of the Con group (p < 0.05). The high levels of ALT and AST were markedly decreased after
MET and HNCP treatments, but there was no significant difference between the groups. It
can be seen from the above results that HNCP can alleviate the liver injury of STZ-induced
diabetic mice.

2.5. Effects of HNCP on Hepatic Oxidative Damage in Diabetic Mice

According to the above experiments, HNCP has a free-radical scavenging ability
in vitro. The effects of HNCP on the activities of catalase (CAT), superoxide dismutase
(SOD), and glutathione peroxidase (GSH-Px), as well as the content of malondialdehyde
(MDA), were determined to investigate whether HNCP can alleviate the oxidative stress
level in diabetic mice. As shown in Figure 5A–D, the activities of CAT, SOD, and GSH-Px
in the DM group were significantly lower than those in the Con group (p < 0.05), while the
content of MDA was significantly higher (p < 0.05). Meanwhile, the activities of CAT, SOD,
and GSH-Px were remarkedly increased in the HNCP groups in comparison with the DM
group. The levels of CAT, SOD, GSH-Px, and MDA in the 240 mg/kg HNCP group were
similar to those in the Con group. These results suggested that HNCP could effectively
alleviate oxidative stress in the liver of STZ-induced type 1 diabetic mice.

Figure 4. Cont.
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Figure 4. Effects of HNCP treatments on the liver structure (A, 200×), pancreas structure (B, 100×),
and the levels of AST (C) and ALT (D) in STZ-induced type 1 diabetic mice. Different lowercase
English letters (a–c) in (C,D) represent significant differences between groups (p < 0.05).

Figure 5. Effects of HNCP treatments on the levels of CAT (A), SOD (B), GSH-Px (C), and MDA
(D) in the liver of STZ-induced type 1 diabetic mice. Values with different letters (a–c) represent
significant differences between groups (p < 0.05).
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2.6. Effects of HNCP on Nrf2 Signaling Pathway

Nrf2 is an important endogenous transcription factor for cells to resist oxidative stress,
which can regulate the expression levels of antioxidant genes such as heme oxygenase (HO-
1) and NAD(P)H: quinone oxidoreductase 1 (NQO1). To elucidate the potential mechanism
underlying HNCP-mediated alleviation of oxidative stress, the levels of Nrf2 and its related
proteins (NQO1 and HO-1) expressions in the liver of STZ-induced diabetic mice were
assessed by Western blot. As shown in Figure 6A–E, the levels of nuclear Nrf2 (n-Nrf2)
in the DM group had no significant difference compared with the Con group, but the
240 mg/kg HNCP treatment significantly enhanced n-Nrf2 expression relative to that in
the DM group (p < 0.05). Furthermore, the level of total Nrf2 (t-Nrf2) in the 240 mg/kg
HNCP group was significantly higher than that in the DM group. The expression levels
of downstream target proteins HO-1 and NQO1 in the 240 mg/kg HNCP group were
significantly higher than those in the DM group, which was consistent with the n-Nrf2
level. These results indicated that HNCP might promote the transcription of Nrf2 into
the nucleus to activate the Nrf2 signaling pathway, thereby increasing the expression of
antioxidant enzymes such as HO-1 and NQO1.

Figure 6. Effects of HNCP treatments on the expression of Nrf2 signaling pathway-related proteins in
the liver of the STZ-induced diabetic mice (A). Analysis of protein expression levels of n-Nrf2/c-Nrf2
(B), t-Nrf2 (C), HO-1 (D), and NQO1 (E). Values with different letters (a–d) represent significant
differences between groups (p < 0.05).
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2.7. Effects of HNCP on the Expression of Glucometabolic-Related Proteins

Glucokinase (GK), phosphoenolpyruvate carboxykinase1 (PEPCK1), and glucose-6-
phosphatase (G6Pase) are key enzymes in glucose metabolism and play an important role
in regulating blood glucose. Glycogen synthase kinase-3 (GSK-3β) can regulate the activity
of glycogen synthase (GS) in the insulin signaling pathway. To evaluate the effects of
HNCP on glycometabolism in STZ-induced type 1 diabetic mice, the protein expressions of
GK, PEPCK1, G6Pase, and GSK-3β in liver tissues were assessed. As shown in Figure 7,
the expression levels of G6Pase and PEPCK1 were significantly up-regulated in the DM
group relative to that in the Con group, while the GK and phosphorylation of GSK-3β
were significantly down-regulated. After HNCP intervention, the expression levels of
G6Pase and PEPCK1 in the liver of the diabetic mice were decreased, while the GK and
phosphorylation of GSK-3β were increased. The results indicated that HNCP treatment
could significantly improve glucose metabolism disorder in STZ-induced diabetes mice.

Figure 7. Effects of HNCP treatments on the expression of glucose metabolism-related proteins in
STZ-induced type 1 diabetic mice (A). Analysis of GK (B), PEPCK1 (C), G6Pase (D), and p-GSK-3β
(E) levels. Different letters (a–d) represent significant differences between groups (p < 0.05).

3. Discussion

Marine by-products such as skin and bone of fish are rich sources of collagen. Marine
collagen hydrolysates have demonstrated antioxidant and anti-diabetic activities [28,29].
The amino acid composition and molecular weight of peptides in the hydrolysate were
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found to be the key factors for antioxidant activity. It was reported that small molecular
peptides with 2–20 amino acid residues from marine by-products had the most potent
antioxidant activities [30]. Thus, we compared the antioxidant activities of different-
molecular-weight components of collagen hydrolysates from Harpadon nehereus bones. As
expected, the small molecular (Mw < 1 kDa, HNCP) had the highest content and DPPH
scavenging activity (42.0% at 5 mg/mL) among all the components with different molecular
weights. The peptide fractions < 3 kDa from brown Lens culinaris protein hydrolysates
showed about 23% of DPPH scavenging rate at a 5 mg/mL concentration, which was
significantly lower than that of HNCP [31]. Moreover, the total amino acid compositions
showed that HNCP is rich in Gly, Ala, and Pro but low in Phe, Ile, and Tyr. Several studies
have shown that peptides containing hydrophobic amino acids such as Phe, Tyrosine, Iso,
and Pro exert a higher antioxidant activity [32]. Therefore, the antioxidant activity of HNCP
might be predominantly due to the high contents of Pro.

Diabetes is a metabolic disease characterized by high blood glucose levels and metabolic
disorders. According to statistics, there were 529 million people living with diabetes world-
wide in 2021 [33]. Accumulating evidence shows that the pathological and functional
damage of organs induced by diabetes is an important cause of death, while the high
level of oxidative stress is closely related to organ damage and dysfunction [34,35]. Thus,
antioxidant peptides from marine collagen have gained widespread interest as a potential
drug to combat oxidative stress in diabetes patients. In this study, high-dose STZ-induced
type 1 diabetes mice were used to study the effect of HNCP on diabetes and the underlying
mechanisms. It was observed that a 240 mg/kg HNCP administration decreased the blood
glucose levels by 44.5% after 120 min and increased insulin secretion by 142.0% in STZ-
induced diabetes mice, which were significantly higher than those by peptides from red
deer antlers (about 30%) [36]. In addition to regulating insulin secretion, glycogen synthesis
and decomposition are also important ways to regulate blood glucose levels. Our study
found that HNCP treatment could increase the synthesis of liver glycogen and muscle
glycogen in STZ-induced diabetes mice, indicating that HNCP might improve the glucose
tolerance of diabetic mice. This speculation was supported by glucose tolerance tests as
shown in Figure 2C. These results indicated that HNCP had a significant therapeutic effect
on STZ-induced diabetes mice by improving the insulin level and synthesis of glycogen.

Diabetes often affects liver function, which in turn leads to abnormal lipid metabolism.
The study on lipid metabolism showed a higher serum lipid concentration including TG,
TC, and LDL-C in STZ-induced diabetes mice than those in the Con group. The levels
of TG, TC, and LDL-C were significantly lower in the HNCP-treated mice, whereas the
HDL-C levels were higher. In particular, TG decreased by 42.2% after the 240 mg/kg
HNCP treatment, while no significant decrease in TG levels was observed in diabetic mice
treated with peptides from red deer antlers [36]. These findings suggested that HNCP
administration could improve the lipid metabolism disorder of STZ-induced diabetes mice.
Similar results were reported in collagen peptides from skate (Raja kenojei) skin [37]. We
assumed that the blood glucose-lowering effects of HNCP might positively contribute to
the lipid levels. The liver is the major organ responsible for glucose and lipid metabolism.
Abnormal blood glucose and lipid levels indicate the presence of liver damage. In addition,
the insulin level is an important indicator of pancreatic function. Our previous study
demonstrated that abnormal blood glucose, insulin, and lipid levels were present in STZ-
induced type 1 diabetes mice, and HNCP ameliorated the abnormality of these indicators.
Thus, the effects of HNCP on liver and pancreatic damage were evaluated. H&E staining
showed that HNCP treatment attenuated the cell swelling and apoptosis in the liver and
pancreas. In addition, HNCP supplementation significantly reduced the serum ALT and
AST levels in the STZ-induced diabetes mice. ALT and AST are biological indicators of liver
pathological changes [38]. High levels of ALT and AST in serum are often accompanied by
liver damage [39]. Therefore, these results indicated that HNCP treatment could alleviate
hepatic damage in diabetic mice.
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In the process of diabetes, hyperglycemia causes a surge of free radicals in the body,
which contributes to liver damage. Therefore, oxidative stress is one of the typical patho-
physiological features of diabetes. In the present study, lower levels of antioxidant enzymes
(SOD, CAT, and GSH-Px) and higher levels of lipid peroxidation product (MDA) were
observed in the DM group compared with those in the Con group. However, HNCP
administration markedly decreased the MDA level and increased the levels of SOD, CAT,
and GSH-Px in STZ-induced diabetes mice. These results indicated that HNCP significantly
reduced oxidative stress by increasing the expression of antioxidant enzymes in diabetes
mice, thus alleviating liver damage as shown in Figure 4. Our results are consistent with
the previous studies wherein the marine peptides mitigated oxidative stress by increasing
the levels of antioxidant enzymes such as CAT, SOD, and GSH-Px [40–42]. It has been
reported that peptides with a high proportion of hydrophobic amino acids tend to have
strong ability to enhance antioxidant enzyme activities [43]. Therefore, the reason that
HNCP improves the activities of antioxidant enzymes may be related to its high proportion
of Pro.

The increase in the expression of antioxidant enzymes can enhance the antioxidant
capacity of the body to remove excess free radicals, which are regulated by the upstream
signaling molecule Nrf2. Under the intervention of some substances, Nrf2 is dissociated
from Keap1 into the nucleus and binds to the antioxidant response elements, resulting
in the transcription of antioxidant enzymes. Thus, the level of nuclear Nrf2 (n-Nrf2) is
positively correlated with the antioxidant capacity of the body. A large number of studies
have reported that Nrf2 activation can effectively suppress intracellular oxidative stress in
diabetes and mitigate its complications [44–46]. In our study, HNCP treatment significantly
increased the n-Nrf2 expression and downstream proteins HO-1 and NQO1 in STZ-induced
diabetes mice. Accordingly, we assumed that the attenuating effects of HNCP on oxidative
damage in diabetic mice might positively contribute to the activation of Nrf2-mediated
antioxidant pathways.

Glucose metabolism is directly related to blood glucose concentration. The above
experiments confirm that HNCP can reduce the blood glucose of diabetic mice by increasing
the content of liver and muscle glycogen. To further explore the hypoglycemic mechanism
of HNCP, the effects of HNCP on the expression of proteins related to glucose metabolisms
such as GK, G6Pase, PEPCK1, and GSK-3β were investigated. Numerous studies have
shown that GK expression and GSK-3β phosphorylation are generally significantly reduced
in the liver of diabetic patients [47], while G6Pase and PEPCK1 are usually significantly
increased [48]. Our results showed that the expression levels of G6Pase and PEPCK1
in hepatocytes were significantly increased, but GK and GSK-3β phosphorylation were
significantly decreased in STZ-induced diabetic mice. However, HNCP administration
significantly improved this phenomenon. This result indicated that HNCP could improve
the expression levels of glycogenesis and gluconeogenesis enzymes in diabetic mice, which
might be attributed to improvements in blood glucose levels and insulin secretion.

To date, many compounds have been reported to improve diabetes symptoms or
complications by mediating oxidative stress and glucose metabolism. Peptides derived
from seaweed protein revealed antioxidant and antidiabetic properties [20]. The collagen
peptides from Oreochromis niloticus skin have also been reported to exhibit antioxidant and
hypoglycemic effects [49]. In this study, HNCP, the small peptides (Mw < 1 kDa) derived
from the collagen hydrolysate of Harpadon nehereus bones, exhibited the antioxidant effect
by activating an Nrf2/ARE pathway and a hypoglycemic effect by improving the glucose
metabolism in STZ-induced diabetic mice. Further studies are needed to isolate the peptides
and identify those sequences, and subsequently, verify the activities of these peptides.

4. Materials and Methods

4.1. Chemicals and Reagents

Harpadon nehereus were purchased from Zhoushan aquatic products market. Pa-
pain was purchased from Aladdin Reagent Co., LTD (Shanghai, China). The antioxidant
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enzymes kits were from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Streptozocin (STZ) was purchased from Sigma Company (Saint Louis, Missouri, USA).
Citrate-sodium citrate buffer and 4% paraformaldehyde were purchased from Ranger
Technology Co., LTD (Beijing, China). The insulin ELISA kit was purchased from Wuhan
Illarite Biotechnology Co., LTD (Wuhan, China). RIPA lysate was purchased from Biyun-
tian Biotechnology Research Institute (Shanghai, China). The antibody of β-Actin and
horseradish peroxidase (HRP) were purchased from Biyuntian Biotechnology Co., LTD
(Shanghai, China). The remaining antibodies were purchased from Proteintech Group, Inc
(Wuhan, China). The reagents used in the Western blot were purchased from the reagent
supplier Ningbo Hangjing Biotechnology Co., LTD (Ningbo, China).

4.2. Preparation of Collagen Peptides from Harpadon nehereus Bone

Under the conditions of pH 8, 55 ◦C, enzyme dosage of 5500 U/g, and enzymolysis
time of 4 h, papain was selected for the enzymolysis of the bone collagen of Harpadon
nehereus. The molecular weight (Mw) distribution of polypeptides in the hydrolysate
was analyzed by HPLC. Ultrafiltration membranes with interception diameters of 10, 5, 3,
and 1 kDa were used sequentially. The filtrate of each part was collected and freeze-dried
for the determination of the DPPH free-radical scavenging rate according to the method
by Abdelmawgood [50]. Based on the DPPH scavenging rate and content, peptides with
Mw < 1 kD (HNCP) were calculated for animal experiments.

4.3. Laboratory Animals

Male C57BL/6J mice weighing 18 ± 2 g were fed in the SPF animal laboratory of
Zhejiang Ocean University for 7 days under a 12 h dark/light cycle, with free access
to food and water. The mice were randomly divided into a control group (Con) and
an experimental group according to body weight. Mice in the experimental group were
intraperitoneally injected with STZ (55 mg/kg/d) for 5 days to establish the type 1 diabetes
model. The fasting blood glucose level of the mice was continuously monitored on the
7th day after the injection. Excluding 2 mice with failed modeling, the remaining mice
with successful modeling were randomly divided into 4 groups: diabetic model group
(DM, n = 8), positive drug group (MET, n = 8), low-dose HNCP group (n = 7), and high-
dose HNCP group (n = 7). They were given sufficient drinking water and food, and the
bedding material was changed in time. The Con group and the DM group were fed the
same amount of distilled water every day. The MET group was given a metformin solution
by gavage at a dose of 160 mg/kg, and the low-dose HNCP and high-dose HNCP groups
were fed the HNCP solution by gavage at a dose of 80 mg/kg and 240 mg/kg, respectively.
Excluding one dead mouse in the DM group, all the mice were euthanized by cervical
dislocation after 4 weeks of feeding [51]. Blood was collected from the eyeballs, and tissues
such as liver, kidney, epididymis fat, and pancreas were quickly extracted and stored at
−80 ◦C. All animal experiments were carried out in accordance with the guidelines of the
Animal Protection and Utilization Committee of the China Animal Protection Commission
(No. 2021029).

4.4. Measurement of Blood Glucose, Insulin, and Glycogen

Water and fasting were prohibited 8 h before blood glucose measurement. Blood was
collected with a disposable needle tail vein for measurement of blood glucose using a blood
glucose test paper and blood glucose meter (Bayanjin flagship store). The obtained blood
was immediately centrifuged at 4 ◦C and 8000 r/min for 5 min. Insulin content in the upper
serum and glycogen content in the liver/muscle were measured using the mouse insulin
enzyme-linked immunosorbent assay kit (NanJing JianCheng Bioengineering Institute,
Nanjing, China) and the anthracenone method, respectively [52].
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4.5. Oral Glucose Tolerance Test (OGTT)

The oral glucose tolerance test (OGTT) was performed according to the method of
Wang et al. [53] with minor modifications. After four weeks of administration, the mice
fasted overnight during the fifth week. Each mouse was given a 40% glucose solution
by gavage at a dose of 2 g/kg. After feeding the glucose, the blood was collected and
measured for blood glucose at 0, 30, 60, and 120 min using a blood glucose test paper
(Bayanjin flagship store). The blood glucose time curve was drawn, and the area under the
curve of blood glucose response (AUC) was calculated.

4.6. Determination of Lipid-Related Indexes in Mice

The contents of TG, TC, HDL-C, and LDL-C in the serum were measured using an
enzymatic method [54] provided by the kits (TG, TC, HDL-C, and LDL-C kits) (NanJing
JianCheng Bioengineering Institute, Nanjing, China).

4.7. Histological Evaluation of Liver and Pancreas

Liver and pancreas tissues were fixed with 4% paraformaldehyde for 24–48 h and
dehydrated using anhydrous ethanol. The fixed tissues were embedded with paraffin and
cut into 3 μM thick sections. The sections were stained with standard hematoxylin-eosin
(H&E), and then the morphological changes of the liver and pancreas were captured by a
light microscope [55].

4.8. Detection of ALT, AST, MDA, CAT, SOD, and GSH-Px Levels in Liver

The liver tissue was ground into homogenate in cold saline and centrifuged at
12,000 r/min for 10 min. The levels of ALT, AST, MDA, CAT, SOD, and GSH-Px in the
supernatant were determined by the kits from NanJing JianCheng Bioengineering Institute
(ALT, AST, MDA, CAT, SOD, and GSH-Px kits) [56]. The protein concentration in the
tissue homogenate was measured using the BAC protein detection kit (NanJing JianCheng
Bioengineering Institute, Nanjing, China).

4.9. Western Blot

The liver tissue (0.1 g) that had been ground into a fine powder was mixed with the
lysate (RIPA lysis buffer: protease inhibitor mixture: phosphatase inhibitor = 50:1:1) and
incubated on ice for 30 min with agitation every 6 min. After centrifugation at 12,000 rpm
for 10 min, protein was extracted from the cytoplasm and nucleus using a protein extraction
kit from NanJing JianCheng Bioengineering Institute (Nanjing, China) [57]. After extraction,
the total proteins concentrations in the liver were measured with a BCA protein assay kit
(NanJing JianCheng Bioengineering Institute, Nanjing, China). The protein sample was
diluted to a suitable concentration with a buffer at a ratio of 1:4. The mixture was boiled in
the water bath for 10 min and then centrifuged at 12,000 r/min for 10 min. The supernatant
was collected and stored at −80 ◦C as a standby.

A PVDF membrane was immersed in 5% BSA solution prepared using TBST (con-
taining 0.1% Tween-80) and closed at room temperature for at least 1 h. They were then
incubated overnight with the corresponding primary antibody against Nrf2 (1:2000), β-
Actin (1:1000), H3 (1:8000), HO-1 (1:2000), NQO1 (1:20,000), GK (1:2000), PEPCK1 (1:10,000),
G6Pase (1:2000), GSK-3β (1:20,000), and p-GSK-3β (1:5000) at 4 ◦C. The membrane was
then incubated with horseradish peroxidase (HRP) (1:500)-labeled secondary antibody at
room temperature for 1 h. An enhanced chemiluminescence (ECL) kit (NanJing JianCheng
Bioengineering Institute, Nanjing, China) was used to detect the strength of specific bands.

4.10. Statistical Analysis

All experiments were conducted in parallel 3 times. The software GraphPad Prism8.0
was used for one-way ANOVA. The comparison between groups was performed using the
Tukey method, and the results were expressed as Mean ± SD.
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5. Conclusions

In this study, small-molecule peptides (Mw < 1 kD) were prepared from the bone
collagen of Harpadon nehereus (HNCP). HNCP showed a remarkable antioxidant activity by
activating the Nrf2 pathway to increase the level of antioxidant enzymes such as SOD, CAT,
HO-1, GSH-Px, and NQO1. In addition, HNCP significantly increased glucose tolerance
and insulin secretion in STZ-induced type 1 diabetic mice, thereby reducing blood glucose
levels. HNCP can also improve glucose metabolism in STZ-induced type 1 diabetic mice by
regulating the expression levels of glycosynthesis- and gluconeogenesis-related enzymes
such as GK, PEPCK1, G6Pase, and GSK-3β. This is the first time of preparing antioxidant
and hypoglycemic peptides from marine bone collagen. Our results indicated that HNCP
may be a potential diabetes treatment. However, further research into the sequences of
peptides with these effects is required.
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Abstract: Antarctic krill (Euphausia superba) is the world’s largest resource of animal proteins and
is thought to be a high-quality resource for future marine healthy foods and functional products.
Therefore, Antarctic krill was degreased and separately hydrolyzed using flavourzyme, pepsin,
papain, and alcalase. Protein hydrolysate (AKH) of Antarctic krill prepared by trypsin showed the
highest Ca-chelating rate under the optimized chelating conditions: a pH of 8.0, reaction time of
50 min, temperature of 50 ◦C, and material/calcium ratio of 1:15. Subsequently, fourteen Ca-chelating
peptides were isolated from APK by ultrafiltration and a series of chromatographic methods and
identified as AK, EAR, AEA, VERG, VAS, GPK, SP, GPKG, APRGH, GVPG, LEPGP, LEKGA, FPPGR,
and GEPG with molecular weights of 217.27, 374.40, 289.29, 459.50, 275.30, 300.36, 202.21, 357.41,
536.59, 328.37, 511.58, 516.60, 572.66, and 358.35 Da, respectively. Among fourteen Ca-chelating
peptides, VERG presented the highest Ca-chelating ability. Ultraviolet spectrum (UV), Fourier
Transform Infrared (FTIR), and scanning electron microscope (SEM) analysis indicated that the
VERG-Ca chelate had a dense granular structure because the N-H, C=O and -COOH groups of VERG
combined with Ca2+. Moreover, the VERG-Ca chelate is stable in gastrointestinal digestion and
can significantly improve Ca transport in Caco-2 cell monolayer experiments, but phytate could
significantly reduce the absorption of Ca derived from the VERG-Ca chelate. Therefore, Ca-chelating
peptides from protein hydrolysate of Antarctic krill possess the potential to serve as a Ca supplement
in developing healthy foods.

Keywords: Antarctic krill (Euphausia superba); Ca-chelating peptide; VERG; property analysis; absorption
efficiency; Caco-2 cell model

1. Introduction

Dietary minerals as micronutrients have an extremely crucial impact on human health,
but some factors, such as diet, lifestyle, habits, living environment, and genetics, can make
people subjected to mineral deficiency and lead to many types of illness [1]. For instance,
zinc deficiency influences about 2 billion people and results in immune dysfunction, de-
layed wound healing, growth retardation, hypogonadism, hair loss, and brain atrophy and
dysfunction; iron and copper deficiency may result in impaired hematopoiesis function,
iron deficiency anemia, and neurological disorders [2]. The human body contains about
700–1400 g of calcium (Ca), which is the richest inorganic element and is involved in a
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variety of physiological activities, including bone strength, neurotransmission, blood coag-
ulation, enzyme activation, cellular proliferation, and muscle contraction [3]. In addition,
Ca also takes part in regulating neural activity and the permeability of cell membranes.
Ca-deficiency can lead to osteoporosis, metabolic disorders, rickets, intestine cancer, osteo-
malacia, and hypertension [4,5]. Compared with the recommended daily allowance of Ca
(700–1200 mg), Ca intake for people from 74 countries, especially from Asia, Africa, and
South America, was lower than 700 mg/day [6]. Moreover, Ca deficiency is also common
in older women and often causes other diseases.

Ca deficiency is often caused by insufficient Ca intake and poor bioavailability. How-
ever, dietary intake alone may not be sufficient to meet the Ca levels required by the body’s
physiology. Therefore, adequate Ca intake and high bioavailability are profoundly impor-
tant to maintain health benefits. Presently, various types of oral Ca supplements have been
developed to resolve the problem of Ca deficiency, such as Ca gluconate, Ca lactate, and Ca
carbonate [7]. Unfortunately, most Ca supplements have low bioavailability in vivo and
poor effects in clinical practice due to their relatively low absorption rate, poor solubility,
gastrointestinal irritation, and strong side effects [1].

In the past decades, protein hydrolysates and bioactive peptides (BPs) have been
widely produced using different animal and plant proteins and engaged in human nu-
trition applications [8–10]. Upon proteolysis, the generated BPs with 2–20 amino acids
have been regarded as high-quality nutritional supplements because of their low molecu-
lar weights (MW), resulting in easy absorption and high nutrition characteristics [11–13].
Moreover, BPs showed multifarious significant pharmacological functions, including an-
tioxidant, antifatigue, antihypertensive, anti-aging, lipid-lowering, antimicrobial, and
immunomodulatory activities [14–16]. In order to overcome the defects of Ca supplements
in the current market, Ca-chelating peptides serving as a novel kind of Ca supplement
have become the hot research theme [1]. Literature studies reported that Ca-chelating
peptides could improve Ca absorbability and bioavailability by weakening the formation
of insoluble Ca complexes and giving assistance to Ca transport into the blood. In addition,
Ca-chelating peptides have the advantages of excellent stability and high safety [17,18].
Therefore, Ca-chelating peptides were produced using diverse animal and plant proteins,
such as casein [19], tilapia [2], cattle bone [5], cucumber seed [4], mung bean [20], Pacific
cod bone [21], oyster [22], Crimson snapper scales [18], and soy and pea [23].

Antarctic krill (Euphausia superba) is considered the world’s largest resource of animal
proteins due to its huge biomass (342–356 million tons) and high biological value [24,25].
Therefore, Antarctic krill proteins are thought of as a high-quality resource for future
marine healthy foods and functional products, and the studies on the preparation and
activity of BPs from Antarctic krill proteins have gathered wide attention [26,27]. For
example, phosphorylated peptides from Antarctic krill could ameliorate osteoporosis and
alleviate liver fibrosis [25,28]; Antioxidant peptides, such as EYEA, SNVFDMF, QYPPMQY,
AMVDAIAR, and LQP, could scavenge radical, protect liver cells, and liver organism
against oxidative stress [29–31]; VLGYIQIR and LVDDHFL could be appropriate for novel
mineral supplements [32,33]; SSDAFFPFR and SNVFDMF could ameliorate the memory
impairment of mice induced by scopolamine [34]; WF, FAS, KVEPLP, and PAL presented
strong ACE and/or DPP-IV inhibitory ability [35,36]. However, there are relatively few
research studies on the preparation of metal-chelated peptides from Antarctic krill proteins.
Therefore, the purposes of this work were to isolate and characterize the Ca-chelating
peptides from the hydrolysate of Antarctic krill proteins. Furthermore, the chelating
mechanism and absorption efficiency of prepared Ca-chelating peptides were studied
using the Caco-2 cell monolayer model.

39



Mar. Drugs 2023, 21, 579

2. Results and Discussion

2.1. Preparation of Protein Hydrolysate of Antarctic Krill
2.1.1. Screening of Protease Species

Antarctic krill proteins were hydrolyzed separately by five proteases, and the Ca-
chelating rates of produced hydrolysates were presented in Table 1. The data indicated that
the Ca-chelating rate of hydrolysate generated by trypsin was 37.91 ± 2.958%, which was re-
markably greater than the rates of hydrolysates produced using flavourzyme (30.93 ± 1.37%),
pepsin (24.11 ± 2.16%), papain (23.69 ± 1.98%), and alcalase (32.24 ± 2.31%), respectively
(p < 0.05).

Table 1. Effects of different proteases on Ca-chelating rate (%) of protein hydrolysates from
Antarctic krill.

Protease

Enzymolysis Condition

Ca-Chelating Rate (%)
Temperature (◦C)

Time
(h)

Enzyme Dose
(%)

pH

FlavourzymeAPePepsin 50 4 2.0 7.0 30.93 ± 1.37 b

37.5 4 2.0 2.0 24.11 ± 2.16 c

Trypsin 37.5 4 2.0 7.8 37.91 ± 2.96 a

Papain 55 4 2.0 7.0 23.69 ± 1.98 c

Alcalase 55 4 2.0 9.5 32.24 ± 2.31 b

a–c Values with different letters indicate significant difference (p < 0.05).

Enzymatic hydrolysis is the most applied process to generate Ca-chelating peptides
on account of mild reaction conditions, high safety, and environmentally friendly fea-
tures [1,36]. Therefore, some proteases, including prolyve enzyme [37], neutrase [3,22],
protamex [38], alcalase [23], and bromelain [39], have been screened for the production of
different mineral-chelating peptides. The present results further supported the opinion that
the specificity of proteases remarkably influenced the Ca-chelating rates of hydrolysates.
Therefore, the hydrolysate of Antarctic krill proteins produced using trypsin was prepared
and named AKH.

2.1.2. Optimized the Chelating Conditions of Ca with AKH

As shown in Figure 1, the effects of chelating conditions, including chelating time
(30, 40, 50, and 60 min), temperature (30, 40, 50, and 60 ◦C), pH (6, 7, 8, and 9), and
peptide/Ca ratio (1:5, 1:10, 1:15, and 1:20) on the Ca-chelating rate (%) of AKH were
optimized by a single-factor experiment. Figure 1A illustrated that the Ca-chelating rate
of AKH significantly (p < 0.05) increased when the chelating time increased from 30 to
50 min and achieved the highest value (38.68 ± 0.8%) at 50 min. Additionally, the Ca-
chelating rate of AKH was markedly decreased when the chelating time ranged from 50
to 60 min. Figure 1B illustrated that the Ca-chelating rate of AKH significantly (p < 0.05)
increased when the peptide/Ca ratio changed from 1:5 to 1:10 and achieved the highest
value (44.57 ± 2.16%) at peptide/Ca ratio of 1:10. In addition, the Ca-chelating rate of
AKH was markedly descent when the chelating time ranged from 50 to 60 min (p > 0.05).
Figure 1C showed that the Ca-chelating rate of AKH was dramatically affected by the
chelating pH, and the Ca-chelating rate (45.37 ± 0.96%) of AKH at pH 8.0 was remarkably
higher than those of AKH at other pH (p < 0.05). Additionally, the Ca-chelating rate of
AKH was a gradual decline when the pH value was higher than 8.0. Figure 1D indicated
that chelating temperature significantly influenced the Ca-chelating rate of AKH, and the
Ca-chelating rate (47.11 ± 1.31%) of AKH prepared at 50 ◦C was prominently stronger
than that of hydrolysate prepared at other chelating temperatures (p < 0.05). Therefore, the
range of chelating conditions for Ca with AKH was narrowed to chelating time (40, 50, and
60 min), temperature (40, 50, and 60 ◦C), pH (7, 8, and 9), and peptide/Ca ratio (1:5, 1:10,
and 1:15), respectively.
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Figure 1. Effects of chelating time (A), peptide/Ca ratio (B), pH (C), and temperature (D) on the
Ca-chelating rate of the hydrolysate of Antarctic krill proteins (AKH). a–d Values with the same letters
indicate no significant difference (p > 0.05).

Furthermore, the orthogonal test L9(3)4 was designed to optimize the chelating condi-
tions for Ca with AKH (Table 2). Following the R values, the conditions interfering with the
Ca-chelating rate of AKH were listed in decreasing order: A (chelating pH) > B (chelating
time) > C (chelating temperature) > D (peptide/Ca ratio). The chelating pH was proved to
be the most important condition influencing the Ca-chelating rate of AKH, and the optimal
chelating level was A2B2C3D3; that is to say, the optimum chelating conditions of Ca with
AKH were a chelating pH of 8.0, time of 50 min, temperature of 50 ◦C, and peptide/Ca
ratio of 1:15.

Table 2. Results of the L9(3)4 orthogonal experiment for optimizing the chelating conditions of Ca
with AKH.

No. pH Time (min)
Temperature

(◦C)
Peptide/Ca

Ratio
Ca-Chelating

Rate (%)

1 7 40 40 1:5 42.38
2 7 50 50 1:10 47.11
3 7 60 60 1:15 46.29
4 8 40 50 1:15 51.95
5 8 50 60 1:5 53.71
6 8 60 40 1:10 49.17
7 9 40 60 1:10 47.35
8 9 50 40 1:15 49.15
9 9 60 50 1:5 47.86

K1 135.78 141.68 140.7 143.95
K2 154.83 149.97 146.92 143.63
K3 144.36 143.32 147.35 147.39

Best level A2 B2 C3 D3
R 19.05 8.29 6.65 3.72

R order A > B > C > D
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2.2. Preparation of Ca-Chelating Peptides from AKH
2.2.1. Ultrafiltration

Dietary Ca forms Ca phosphate deposition in the gastrointestinal system, inducing poor
absorbance [4]. However, peptides shape a peptide-Ca chelate with Ca2+, which increases the
solubility and bioavailability of Ca in the intestine. The Ca absorption was influenced by the
structure and Ca-chelating capability of peptides, so evaluating the Ca-chelating capability of
different peptide components was necessary. In the experiment, five components, including
AKH-1 (MW > 10 kDa), AKH-2 (5–10 kDa), AKH-3 (3.5–5 kDa), AKH-4 (1–3.5 kDa), and
AKH-5 (MW < 1 kDa), were obtained from AKH. Figure 2 showed that the Ca-chelating rate
of AKH-5 was observably higher than those of AKH and the other four fractions (p < 0.05).
Ultrafiltration is a popular technique to concentrate target fractions from protein hydrolysates
according to their molecular size [40,41]. After ultrafiltration, AKH-5 collected more low MW
peptides, exposing more binding sites for Ca2+. Huang et al. reported that peptide fraction
(<1 kDa) separated from the hydrolysate of shrimp byproducts exhibited greater affinity to
Ca2+ [42]. In addition, low MW peptides are easier to digest and absorb in the body. Therefore,
AKH-5 was chosen for further study.

Figure 2. Ca-chelating rate of AKH and its fractions (AKH-1~AKH-5) by ultrafiltration. a–d Values
with same letters indicate no significant difference (p > 0.05).

2.2.2. Anion-Exchange Chromatography of AKH-5

Ion-exchange chromatography is popularly applied to separate polar molecules
(such as proteins and peptides) from crude extraction and protolysate according to
their affinities to ion exchangers. As shown in Figure 3A, AKH-5 was divided into
three fractions (AKH-5a, AKH-5b, and AKH-5c) by a DEAE-52 cellulose column. The
Ca-chelating rate of AKH-5a was 58.74 ± 1.64%, which was observably higher than those
of AKH-5, AKH-5b, and AKH-5c (p < 0.05) (Figure 3B). Peptides usually have polar
amino acid residues, which are easier to bind to the cation or anion exchange resins,
such as XK 26 DEAE, SP-Sephadex C-25, DEAE-52 cellulose, AG 50W-X2, Q Sepharose
FF, etc. [43]. Reddy and Mahoney [44] reported that peptides could exhibit stronger Ca-
chelating activity if they contain more groups with more negative charges. In addition,
Zhao et al. [45] found that other properties of peptides, such as MW and hydrophilic-
ity/hydrophobicity, also have significant effects on the adsorption capacity between
peptides and Ca. The Ca-chelating ability of AKH-5a should be the result of multiple
effects, including negative charges, molecular size, and hydrophilicity/hydrophobicity.
Therefore, AKH-5a was selected for further purification.
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Figure 3. Isolation of Ca-chelating peptides from the ultrafiltration fraction AKH-5. (A) Elution
profiles of AKH-5 in DEAE-52 cellulose chromatograph; (B) Ca-chelating ability of fractions from
AKH-5. (C) elution profile of AKH-5a in Sephadex G-25 chromatography; (D) Ca-chelating ability
of fractions from AKH-5a; and (E) elution profiles of AKH-5a-2 by RP-HPLC. a–d Values with same
letters indicate no significant difference (p > 0.05).

2.2.3. Gel Permeation Chromatography (GPC) of AKH-5a

Molecular size is one of the key factors to consider in the purification of BPs [46,47].
Thus, AKH-5a was further divided into four fractions (AKH-5a-1, AKH-5a-2, AKH-5a-3,
and AKH-5a-4) by a Sephadex G-25 column (Figure 3C). The Ca-chelating rate of AKH-
5b-2 was 64.74 ± 1.98%, which was observably higher than those of AKH-5a, AKH-5a-1,
AKH-5a-3, and AKH-5a-4, respectively (p < 0.05) (Figure 3D). Gel filtration is an efficient
method to separate bioactive substances with different MW ranges and is widely applied
for BP purification from different protein hydrolysates, such as whey [45], shrimp byprod-
ucts [42], Alaska pollock [48], monkfish [13], tilapia (Oreochromis niloticus) [49], Mytilus
edulis [50], peanut [51], Cyclina sinensis [52,53], etc. Although AKH-5b-2 presented the best

43



Mar. Drugs 2023, 21, 579

Ca-chelating ability, its MW was not the lowest among the four peptide fractions. These
findings illustrated that other factors besides MW, such as amino acid composition and
hydrophilicity/hydrophobicity, also greatly influence the Ca-chelating ability of peptides.
Then, AKH-5a-2 was chosen for HPLC isolation.

2.2.4. RP-HPLC Purification of AKH-5a-2

AKH-5a-2 was finally purified by RP-HPLC (Figure 3E). According to the elution
profiles of AKH-5a-2 at 280 nm, fourteen Ca-chelating peptides with retention times (RTs)
of 5.29 (ACP1), 6.18 (ACP2), 7.02 (ACP3), 7.95 (ACP4), 8.76 (ACP5), 10.01 (ACP6), 10.58
(ACP7), 11.91 (ACP8), 13.60 (ACP9), 14.11 (ACP10), 14.85 (ACP11), 15.22 (ACP12), 16.98
(ACP13), and 22.46 min (ACP14) were isolated and collected (Table 3). RP-HPLC is an
extremely effective technology for purifying BPs according to their RT, and the RT of
separated BPs can be modulated by adjusting the ratio of polar solvent (methanol and
acetonitrile) in the mobile phase [50]. Therefore, RP-HPLC has been used to purify Ca-
chelating peptides from protein hydrolysates of whey [45], casein [54], Alaska pollock [48],
Mytilus edulis [50], phosvitin [55], miiuy croaker [46], tilapia (Oreochromis niloticus) [49],
peanut [51], Harpadon nehereus [56], Stolephorus chinensis [57], etc.

Table 3. Retention time, amino acid sequence, and molecular weight of 14 peptides (ACP1–ACP14)
from AKH-5b-2.

No. Retention Time (min) Amino Acid Sequence Observed/Theoretical MW (Da)

ACP1 5.29 Ala-Lys (AK) 217.27/217.27
ACP2 6.18 Glu-Ala-Arg (EAR) 374.40/374.39
ACP3 7.02 Ala-Glu-Ala (AEA) 289.29/289.29
ACP4 7.95 Val-Glu-Arg-Gly (VERG) 459.50/459.50
ACP5 8.76 Val-Ala-Ser (VAS) 275.30/275.30
ACP6 10.01 Gly-Pro-Lys (GPK) 300.36/300.35
ACP7 10.58 Ser-Pro (SP) 202.21/202.21
ACP8 11.91 Gly-Pro-Lys-Gly (GPKG) 357.41/357.41
ACP9 13.60 Ala-Pro-Arg-Gly-His (APRGH) 536.59/536.58

ACP10 14.11 Gly-Val-Pro-Gly (GVPG) 328.37/328.36
ACP11 14.85 Leu-Glu-Pro-Gly-Pro (LEPGP) 511.58/511.57
ACP12 15.22 Leu-Glu-Lys-Gly-Ala (LEKGA) 516.60/516.59
ACP13 16.98 Phe-Pro-Pro-Gly-Arg (FPPGR) 572.66/572.66
ACP14 22.46 Gly-Glu-Pro-Gly (GEPG) 358.35/358.35

2.3. Determination of Sequences and MWs of Ca-Chelating Peptides (ACP1–ACP14)

By Protein/Peptide Sequencer, the fourteen Ca-chelating peptide (ACP1–ACP14)
sequences were identified as Ala-Lys (AK, ACP1), Glu-Ala-Arg (EAR, ACP2), Ala-Glu-Ala
(AEA, ACP3), Val-Glu-Arg-Gly (VERG, ACP4), Val-Ala-ESr (VAS, ACP5), Gly-Pro-Lys
(GPK, ACP6), Ser-Pro (SP, ACP7), Gly-Pro-Lys-Gly (GPKG, ACP8), Ala-Pro-Arg-Gly-His
(APRGH, ACP9), Gly-Val-Pro-Gly (GVPG, ACP10), Leu-Glu-Pro-Gly-Pro (LEPGP, ACP11),
Leu-Glu-Lys-Gly-Ala (LEKGA, ACP12), Phe-Pro-Pro-Gly-Arg (FPPGR, ACP13), and Gly-
Glu-Pro-Gly (GEPG, ACP14), and their MWs were determined as 217.27, 374.40, 289.29,
459.50, 275.30, 300.36, 202.21, 357.41, 536.59, 328.37, 511.58, 516.60, 572.66, and 358.35 Da,
respectively, which were in good agreement with their theoretical MWs (Table 3).

2.4. Ca-Chelating Ability of Fourteen Isolated Peptides (ACP1–ACP14)

Figure 4 presents the Ca-chelating ability of fourteen isolated peptides (ACP1–ACP14).
ACP4 (VERG) (70.05 ± 1.91%) showed the highest Ca-chelating ability among fourteen
isolated peptides (ACP1–ACP14), and other peptides with higher Ca-chelating ability were
followed by ACP8 (GPKG) and ACP9 (APRGH), respectively.
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Figure 4. Ca-chelating ability of fourteen isolated peptides (ACP1-ACP14) by RP-HPLC. a–f Values
with same letters indicate no significant difference (p > 0.05).

Amino acid composition and molecular size are two key factors affecting the Ca-
chelating ability of peptides [19]. Peptides with short amino acid sequences, such as TCH,
YDT, VLPVPQK, LLLGI, AIVIL, HADAD, YGTGL, LVFL, and LPEPV, were proved to
contribute more to their Ca-chelating ability [19,41,44,48,50,52]. Guo et al. also reported
that the Ca-chelating activity of tripeptides (SAC and SCH) was higher than those of
SGSTGH, GPAGPR, and GPAGPHGPPG [48]. The MW of ACP4 (VERG) was 459.50 Da,
which helped it easily interact with Ca2+ to form peptide-Ca chelate.

Amino acid composition is another widely recognized key factor that significantly
influences the Ca-chelating ability of peptides. For example, Asp, Glu, and Gly residues
were considered the major amino acid residues contributing to the Ca-chelating ability of
peptides from porcine blood plasma [58]. Asp, Glu, Cys, and His residues are favorable for
the metal-chelating activity of GPAGPHGPPG from Alaska pollock skin [48]. Liao et al. [54]
indicated that Val, Pro, and Gln could significantly contribute to the high Ca-chelating ability
of VLPVPQK. In general, the carboxyl group of Glu and Asp are favorable to bind Ca2+

because the carboxylic acid group can create an environment conducive to the chelating
reaction of peptide and Ca by increasing the charge density [22]. The contents of hydrophobic
amino acids, such as Val, Pro, and Leu, were also proved to be associated with the amount
of Ca bound [59]. Gly residue could maintain the strong flexibility of the peptide skeleton
to easily access and bind to Ca2+ [9]. In addition, Liu et al. [59] found that Arg was one of
the main amino acid residues for the Ca-chelating peptides from wheat germ. Therefore, Val,
Glu, Arg, and Gly residues should be very helpful in improving the Ca-chelating ability of
ACP4 (VERG). Therefore, ACP4 (VERG) was selected to chelate with Ca and used for the
next experiment.

2.5. Characterization of VERG-Ca Chelate
2.5.1. UV Absorption Spectroscopy

UV spectrum is a popular method to study the structural characteristics of substances
and their derivatives. The appearance of new absorbance peaks or the changes in the
pre-existing peaks in the UV spectrum indicate the formation of chelates consisting of
organic ligands and metal ions [55]. Figure 5A indicated that the maximum absorption
band of ACP4 (VERG) was found near 230 nm, caused by the n→π * transition of C=O
in peptide bonds. The maximum absorption peak of the VERG-Ca chelate was 210 nm,
suggesting that ACP4 binding with Ca2+ induced the absorption peak to shift towards
the short wavelength. N and O in ACP4 (VERG) form a complex bond with Ca2+, which
influences the electronic transition of C=O and –NH2 of the peptide bond. Our result is
similar to the research results of peptide-Ca chelates from phosvitin [55], egg white [60],
cucumber seed [4], whey [45], and sheep bone [61]. This present finding indicated that
ACP4 (VERG) interacting with Ca2+ finally formed a new VERG-Ca chelate.
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Figure 5. Characterizations of ACP4 (VERG) and VERG-Ca chelate. (A) UV spectra of ACP4 (VERG)
and VERG-Ca chelate in the regions from 200 to 500 nm. (B) FTIR spectra of ACP4 (VERG) and
VERG-Ca in the 4000 to 500 cm−1.

2.5.2. FTIR Spectroscopy

FTIR spectroscopy is a crucial method for the research of the structural features of
peptide-Ca chelates and can effectively reflect the mutual effect between peptides’ ligands
and Ca2+ during the chelating process [51]. The peptides’ chelating sites with Ca2+ are
primarily amide bonds (-CONH-) between amino acid residues and carboxyl (-COOH) and
amino (-NH2) groups [55]. Then, the absorption peaks, such as stretching vibration of -NH2
and –COOH, are sure to shift if peptides chelate with Ca. The amide A band was attributed
to the stretching vibration of the N-H bond. Figure 5B showed that the wavenumber
moved from 3395.03 to 3404.34 cm−1 probably because of the stretching and substitution
of hydrogen bonds in the VERG-Ca chelate, which manifested the participation of N–H
bonds in the formation of chelate. The wavenumber (1700–1600 cm−1) of the amide-I
band caused by C=O stretching vibration was moved from 1643.16 to 1652.81 cm−1, which
indicates infrared absorption of the C=O caused by the antisymmetric stretching vibration
of carboxylic acid ions. The wavenumber (1384.52 cm−1) for –COO– moved to a lower
frequency (1388.49 cm−1) in the spectrum of the bound peptide and showed that –COOH
probably bound Ca2+ and turned into –COO–Ca. These results were in line with the report
of [55]. Based on these findings, we hypothesized that the N–H, C=O, and –COOH took
responsibility for the chelation between ACP4 (VERG) and Ca2+.

2.5.3. Scanning Electron Microscope (SEM)

The microstructures of ACP4 (A) and the VERG-Ca chelate (B) are displayed in Figure 6.
The surface of ACP4 (VERG) is smooth. However, the surface of the VERG-Ca chelate was
rougher and looser and had many irregular strips and granular aggregates. The significant
difference in microstructure between ACP4 (VERG) and the VERG-Ca chelate might be
caused by the interactions that ACP4 (VERG) reacted with Ca2+, leading to damage to
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the smooth structure of the ACP4 (VERG) surface. Additionally, –COOH and –NH2 in
ACP4 (VERG) bound to Ca2+ and formed a “bridging role”, which could also change the
physicochemical characteristics of ACP4 (VERG) [51].

Figure 6. Scanning electron microscopy analysis of ACP4 (VERG) and VERG-Ca chelate. (A1) ACP4
(×500); (A2) (×2000); (B1) VERG-Ca (×500); and (B2) VERG-Ca (×2000).

2.6. Stability Analysis of VERG-Ca Chelate

The acid environment and protease in the gastrointestinal system could cause Ca
release to generate Ca(OH)2 and insoluble precipitation, leading to low bioavailability of
Ca. Therefore, we studied the stability of the VERG-Ca chelate in a simulated digestive tract
environment (Figure 7). Compared with the control, the Ca-retention rates of the VERG-Ca
chelate in gastric juice, intestinal juice, and gastric+intestinal juice decrease to 18.72 ± 1.25%
(p < 0.001), 95.67 ± 3.26% (p > 0.05), and 87.21 ± 2.73% (p < 0.05), respectively. In addition,
the Ca-retention rate of the VERG-Ca chelate in intestinal juice is significantly higher
than that of gastric juice (p < 0.001). The finding indicated that the gastric environment
significantly reduced the stability of the VERG-Ca chelate. It is worth noting that the
Ca-retention rate of the VERG-Ca chelate in gastric+intestinal juice is significantly higher
than that of gastric juice (p < 0.001) but was not much different from that of the intestinal
group. The result indicated that pepsin could lead to the partial degradation of the chelate,
except for the effect of pH. Cui et al. [62] and Zhang et al. [31] reported that the main
reason for Ca2+ release in the gastrointestinal system was pH change, and the weak alkaline
environment of the intestines could induce the rechelation of peptides with Ca2+. Our
present finding in the gastric + intestinal juice group was in agreement with these literature
studies. Therefore, gastric digestion is the key reason causing Ca to be released from the
VERG-Ca chelate, but intestinal digestion had no remarkable effect on the stability of the
VERG-Ca chelate. In general, most VERG-Ca chelates can remain stable in gastrointestinal
digestion, which might prominently improve the bioavailability of Ca in the digestive
tract environment.
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Figure 7. Stability of VERG-Ca chelate in simulated digestive tract environment. * p < 0.05 and
*** p < 0.001 vs. Control.

2.7. Transport of VERG-Ca Chelate across the Caco-2 Cell Monolayer

Human intestinal epithelial cells modeled in vitro using Caco-2 cells have been applied
to study the simulative absorption of minerals, medicines, and peptides [46]. In this study,
the effects of the VERG-Ca chelate on the viability of Caco-2 cells were measured by the
MTT assay (Figure 8A). Compared with the control group, ACP4 (VERG) and the VERG-Ca
chelate had no significant effect on cell viability at 50–200 μM, but they could significantly
decrease the viability of Caco-2 cells at 250 μM (p < 0.05). The finding manifested that ACP4
(VERG) and the VERG-Ca chelate were nontoxic at concentrations of 50–200 μM. Therefore,
the following experiment can be carried out in the concentration range of 0–200 μM.

Figure 8B shows the activity changes in alkaline phosphatase of Caco-2 cells’ mono-
layer membrane at 0–21 days. When Caco-2 cells were cultured to day 21, the activity
of alkaline phosphatase on the apical side was 25.02 ± 1.32 U/L, which was 3.48-fold of
that on the basolateral side (7.18 ± 0.63 U/L), indicating that Caco-2 cells completed the
polar differentiation of the monolayer membrane. In addition, the change in TEER values
of the Caco-2 cell monolayer within incubation time (1–21 days) was measured to create
monolayers of Caco-2 cells with enterocyte architecture (Figure 8C). The results indicated
that the TEER value gradually increased with the extension of incubation time, and the
TEER exceeded 300 Ω cm2 at 21 days. Therefore, the Caco-2 cell monolayer model was
applied to evaluate the influence of the VERG-Ca chelate on Ca transport activity.

The effect of the VERG-Ca chelate on Ca transport in Caco-2 cell monolayers is
presented in Figure 8D. The Ca transport of the VERG-Ca chelate increased with the
incubation time. Compared with the CaCl2 group, VERG-Ca chelate-treated groups did
not display remarkable Ca transport capability in Caco-2 cell monolayers from 30 to 60 min
(p < 0.05). However, the Ca transport improved dramatically in the presence of the VERG-
Ca chelate at 120 and 180 min, and the quantity of Ca of transport reached 3.63 ± 0.27
and 5.11 ± 0.26 μg/mg protein at 120 and 180 min, which were 1.70 and 1.72 times of
the CaCl2 group, respectively. Previous literature studies indicated that Ca-chelating
peptides, including VLPVPQK [54], EYG [42], and FPPDVA [51], could greatly improve
the Ca transport across Caco-2 cell monolayers. The present findings demonstrated that
the Ca transport and absorption in Caco-2 cell monolayers could be increased by the
VERG-Ca chelate.

Plant-based diets are rich in bioactive compounds, but some compounds, such as
vitamins, tannins, phytates, and dietary fibers (DFs), can significantly influence the bioavail-
ability of some minerals, especially Ca [63]. Therefore, the effects of vitamin D and phy-
tate on the absorption of Ca derived from CaCl2 and VERG-Ca chelates were evaluated.
Figure 8E indicated that the absorption amount of Ca significantly increased from 0 to
180 min after adding CaCl2 and vitamin D3 together, and the absorption amount of Ca
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increased from 2.96 ± 0.28 to 5.14 ± 0.23 μg/mg protein at 180 min, indicating that vitamin
D3 can promote Ca uptake by regulating the transcellular pathway of Ca2+. In addition,
the absorption amount of Ca significantly increased from 4.03 ± 0.27 to 4.44 ± 0.29 μg/mg
protein at 120 min after adding VERG-Ca chelates and vitamin D3 together, and the ab-
sorption amount of Ca only increased from 5.11 ± 0.36 to 5.43 ± 0.43 μg/mg protein at
180 min, and no significant difference was observed. Therefore, it could be speculated that
the vitamin D3 in food has no significant effect on intestinal absorption of Ca derived from
VERG-Ca chelates but can significantly promote the absorption of inorganic Ca.

Figure 8. Transport of VERG-Ca chelate. (A) Cytotoxicity of VERG-Ca chelate in Caco-2 cells
evaluated by the MTT assay. * p < 0.0 and ** p < 0.01 vs. control group. (B) Alkaline phosphatase
activities on the apical and basolateral sides of the Caco-2 cell monolayer. (C) Transepithelial electrical
resistance (TEER) of the Caco-2 cell monolayer. (D) Ca transport activity of VERG-Ca chelate.
** p < 0.01 vs. CaCl2 group at same concentration. (E) Effects of vitamin D3 on the transmembrane
transport of CaCl2 and VERG-Ca chelate. (F) Effects of phytate on the transmembrane transport
of CaCl2 and VERG-Ca chelate. a–c Values with same letters at same time indicate no significant
difference (p > 0.05).
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Figure 8F showed that the absorption amount of Ca decreased significantly at 0~180 min
after adding phytate with CaCl2 or a VERG-Ca chelate. At 180 min, the absorption amount
of Ca derived from CaCl2 decreased from 2.96 ± 0.28 to 2.02 ± 0.24 μg/mg protein. The
absorption amount of Ca derived from the VERG-Ca chelate decreased from 3.63 ± 0.35% to
2.842 ± 0.348 μg/mg protein. The data indicated that phytate could significantly reduce the
absorption amount of Ca derived from CaCl2 or the VERG-Ca chelate in Caco-2 cells, which
was in agreement with the report by Amalraj and Pius [63] that Ca bioavailability in green
leafy vegetables was negatively correlated with those anti-nutritional factors, such as dietary
fiber, phytate, oxalate, and tannin.

3. Materials and Methods

3.1. Chemicals and Reagents

Antarctic krill was provided by Zhejiang Hailisheng Biotechnology Co., Ltd. (Zhoushan,
China). Triethanolamine, trypsin, and Hanks’ Balanced Salt Solution (HBSS) were purchased
from Sigma-Aldrich (Shanghai) Co., Ltd. (Shanghai, China). Methanol, potassium hydroxide,
hydrochloric acid, sodium chloride, ferrous sulfate, calcium indicator, and sodium cyanide
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The peptides
(ACP1-ACP14) with purity higher than 98% were synthesized by Shanghai Apeptide Co., Ltd.
(Shanghai, China).

3.2. Preparation of Protein Hydrolysate of Antarctic Krill
3.2.1. Screening of Protease Species

The degreasing process of Antarctic krill was performed using the described method
by Zhao et al. [46]. Defatted Antarctic krill powders were dispersed in distilled water (DW)
(10%, w/v) and separately hydrolyzed using different proteases (Table 1). After that, the
hydrolysis reaction was stopped at 95 ◦C for 15 min and centrifuged at 9000× g at −4 ◦C for
20 min. The resulting supernatants were lyophilized and stored at −20 ◦C. The hydrolysate
prepared by trypsin displayed the strongest Ca-chelating rate and was named AKH.

3.2.2. Optimization of the Chelating Conditions of Ca with AKH

Firstly, the chelating conditions of Ca with AKH were optimized by a single-factor
experiment using Ca-chelating rate as the indicator. The chelating time (30, 40, 50, and
60 min), temperature (30, 40, 50, and 60 ◦C), pH (6, 7, 8, and 9), and peptide/Ca ratio (1:5,
1:10, 1:15 and 1:20) were chosen for the present investigation.

According to the results of single-factor experiment, orthogonal experiment was
employed to estimate the influence of chelating time (40, 50, and 60 min), temperature (40,
50, and 60 ◦C), pH (7, 8, and 9), and peptide/Ca ratio (1:5, 1:10 and 1:15) on the Ca-chelating
rate of AKH.

3.2.3. Preparation of Peptide-Ca Chelates and Determination of Ca-Chelating Rate

Peptide-Ca chelates were prepared in accordance with the previous method [5]. The
lyophilized AKH, AKH fractions, and peptides were separately dissolved in DW, and
CaCl2 was added to the prepared solution (50 mg/mL) with designed peptide/CaCl2
ratios of 1:5–1:25 (w/w). The pH of the reaction mixtures was adjusted to pH 8.0. Then,
the solution was put in a water bath shaker to incubate at 50 ◦C and 80 r/min for 50 min.
Finally, the chelates were precipitated for 4 h by adding 5 times the volume of the solution
of anhydrous ethanol. After that, the solution was centrifuged at 6000× g for 15 min, and
the precipitation was collected, lyophilized, and stored at −20 ◦C. The Ca content in the
supernatant was measured by EDTA complexion titration (ECT) [59], which was denoted
as C2 (g/mL). The total Ca content in mixed solution was measured by ECT assay, which
was denoted as C1 (g/mL). The Ca-chelating rate was calculated as follows:

Ca-chelating rate (%) = (C1 − C2/C1) × 100%.
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3.2.4. Separation Process of Ca-Chelating Peptides from AKH

AKH was ultra-filtrated by 4 kinds of ultrafiltration membranes, including 1, 3.5, 5,
and 10 kDa. Then, five peptide components, including AKH-1 (MW > 10 kDa), AKH-2
(5–10 kDa), AKH-3 (3.5–5 kDa), AKH-4 (1–3.5 kDa), and AKH-5 (MW < 1 kDa), were
collected, concentrated, and freeze-dried, and their Ca-chelating rates were measured using
the above method in Section 3.2.3.

AKH-5 (10 mL, 50.0 mg/mL) was added into a pre-equilibrated DEAE-52 cellulose
column (3.8 × 150 cm) and eluted by DW, 0.10, 0.25, 0.50, 0.75, and 1.0 M NaCl solution,
respectively. The flow rate of eluate was set as 3.0 mL/min. Then, three fractions (AKH-5a,
AKH-5b, and AKH-5c) were separated according to the DEAE-52 cellulose chromatography
of eluted peptide fractions (9 mL) at 280 nm.

AKH-5a (5 mL, 50.0 mg/mL) was loaded into a Sephadex G-25 column (2.6 cm × 120 cm)
and eluted using DW. The flow rate of eluate was set as 0.6 mL/min, and the eluent was
collected every 3 min. Finally, four fractions (AKH-5a-1 to AKH-5a-4) were isolated from
AKH-5a and collected in accordance with the chromatographic peaks at 280 nm.

AKH-5a-2 solution was decontaminated through a 0.22 μM microporous membrane
and further isolated by an RP-HPLC column of Zorbax, SB C-18 (4.6 × 250 mm, 5 μm).
In brief, AKH-5a-2 was loaded into the RP-HPLC column and eluted by a linear gradient
of acetonitrile with a flow rate of 1.0 mL/min. The concentration ranged from 0 to 50%
in 0 to 25 min, and the eluent was monitored at 280 nm. Finally, fourteen Ca-chelating
peptides (ACP1 to ACP14) were prepared according to their chromatographic peaks. The
flow diagram of separation process of Ca-chelating peptides from AKH is presented in
Figure 9.

Figure 9. The flow diagram of separation process of Ca-chelating peptides from AKH.

3.3. Identification of Peptides (ACP1to ACP14) from AKH

The amino acid sequence and molecular weight of EP1-EP6 were determined according
to previous methods described by Chi et al. [64]. The amino acid sequences of ACP1 to
ACP14 were measured by a 494 protein sequencer from Applied Biosystems (Perkin Elmer
Co. Ltd. Foster City, CA, USA), and Edman degradation was performed according to the
standard program supplied by Applied Biosystems. The MWs of ACP1 to ACP14 were
determined by a Q-TOF mass spectrometer with an ESI source (Micromass, Waters, Milford,
MA, USA).
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3.4. Characterization of VERG-Ca Chelate

The preparation of a hydrolysate of PSC-M was carried out in accordance with the
previous method [34,42]. The dispersions (1%, w/v) of ASC-M and PSC-M were separately
degraded with alcalase (55 ◦C, pH 8.5, 4 h), neutrase (55 ◦C, pH 7.0, 4 H), and a double-
enzyme system (alcalase (2 h) + neutrase (2 h)). The enzyme dose was designed as 2% (w/w).
After the hydrolysis reaction, the proteases in the hydrolysate solution were inactivated
in boiling water for 10 min. The prepared hydrolysates were centrifuged at 9000× g for
25 min, and the supernatants were freeze-dried and had their ACEi abilities detected. The
hydrolysate of PSC-M generated via the double-enzyme system displayed the highest ACEi
ability value and was named PSC-MH.

3.4.1. UV Absorption Spectroscopy Analysis

The UV spectra of ACP4 and VERG-Ca chelate at 1.0 mg/mL were recorded in the
wavelength range of 200–500 nm by a UV-1800 spectrophotometer (Mapada Instruments
Co., Ltd., Shanghai, China).

3.4.2. FTIR Spectroscopy Analysis

The FTIR spectra (4000 to 400 cm−1) of ACP4 and VERG-Ca chelate were recorded
in KBr disks using a Nicolet 6700 FTIR spectrophotometer [65]. Dry ACP4 or VERG-Ca
chelate was uniformly ground with dry KBr at a sample/KBr ratio of 1:100 (w/w) and
extruded into a transparent sheet for spectrum recording.

3.4.3. Scanning Electron Microscopy (SEM) Analysis

A suitable amount of ACP4 and VERG-Ca chelate was uniformly applied to the sample
plate and sprayed with a gold plating film. Finally, the samples with a gold plating film
were observed and photographed by a scanning electron microscope of JEOL JSM-6390LV
(Tokyo, Japan).

3.5. Stability Analysis of VERG-Ca Chelate against Simulated Gastrointestinal Digestion

The stability of VERG-Ca chelate against simulated gastrointestinal digestion was
assessed using the method described by Zhang et al. [31]. The VERG-Ca chelate solution
(10 mg/mL) dissolved in DW was used in the assay. The pH values of the artificial
simulation of gastric juice and intestinal juice were adjusted to 2.0 and 7.5, respectively. The
stability of VERG-Ca chelate against in vitro gastric juice (2 h), intestinal juice (2 h), and
gastric juice (2 h) + intestinal juice (2 h) were determined at 37 ◦C, respectively. Finally,
the solution was heated at 100 ◦C for 15 min to terminate the reaction. The stability was
expressed as Ca-retention rate of VERG-Ca chelate after in vitro digestion.

Ca-retention rate (%) = (Ca content in treatment group/Ca content in control group) × 100

3.6. Ca Transport Effect of VERG-Ca Chelate in Caco-2 Cell Monolayers
3.6.1. Culture of Caco-2 Cells and Establishment of Caco-2 Cell Monolayer Model

Caco-2 cells were obtained from the Shanghai Institute of Cell Biology (Shanghai,
China) and cultured in EMEM with 10% fetal bovine serum, 1% antibiotic, and 1% nonessen-
tial amino acids in a humidified incubator at 37 ◦C with 5% CO2. The cell culture medium
was replaced every two days with a new medium of equal volume. The Caco-2 cells were
dispersed using trypsin-EDTA when they covered approximately 90% of the flask and
were seeded on 6-well transwell culture plates with polyester membranes. The medium
was replaced every other day with a new medium of equal volume. After being cultured
for 21 days, the transepithelial electrical resistance (TEER) was determined to confirm the
integrity of the Caco-2 cell monolayers. The Caco-2 cell monolayers were used for Ca
transport experiments when the TEER exceeded 300 Ω·cm2 [60,66].

In addition, the alkaline phosphatase activity was determined using assay kits in accor-
dance with the instructions of Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
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3.6.2. Cytotoxicity Assay

Cell cytotoxicity was determined using the MTT assay [60]. After being cultured for
24 h, the Caco-2 cells were further treated for 24 h using a 100 μL medium containing
VERG-Ca chelate with concentrations of 50, 100, 150, 200, and 500 μM, respectively. Then,
MTT solution (100 μL) was added per well and incubated for an additional 4 h. The MTT
solution per well was replaced by an equal volume of DMSO solution to solubilize. Finally,
the absorbance of the sample solution at 570 nm was measured.

3.6.3. Ca Transport Analysis

The Ca transport in the Caco-2 cell monolayer model was analyzed using previous
methods [51,60]. After 21 days of incubation, the culture medium of Caco-2 cells was
discarded from each well, and monolayers were immediately washed with HBSS buffer
(without Ca and magnesium) two times. The Caco-2 cell monolayers were transferred to a
new 6-well culture plate containing 2 mL of HBSS buffer, and 2 mL of HBSS buffer was
also added to the apical side. After incubating for 30 min, the HBSS on the apical side was
replaced with 2 mL of HBSS containing VERG-Ca chelate (200 μM) or Ca (150 μg/mL),
and the HBSS on the basolateral side was replaced with an equal volume of fresh HBSS
buffer. After incubation for 2 h, 1 mL of HBSS in the basolateral side was removed to
determine Ca content at the designed time (30, 60,120, and 180 min). At the same time,
fresh HBSS buffer (1 mL) was added to the basolateral side to maintain a constant volume.
The content of Ca was determined by atomic absorption spectrometry using HNO3 and
HClO4 as the oxidizers.

In the experiments on the effects of vitamin D3 and phytate on Ca absorption, dietary
factors (vitamin D3 and phytate) were first premixed with VERG-Ca chelate or CaCl2,
respectively, at a mass ratio of 1:1. The experiment conditions and operation method were
as described in the Ca transport analysis above.

3.7. Statistical Analysis

The experimental data were represented by the mean ± standard deviation (SD, n = 3).
GraphPad Prism (version 8.02) was used for one-way analysis of variance, and Tukey’s
multiple comparison tests were used to test for differences between groups (p < 0.05).

4. Conclusions

In brief, fourteen Ca-chelating peptides were purified and identified from the trypsin
hydrolysate of Antarctic krill proteins, and ACP4 (VERG) presented the highest Ca-
chelating ability among isolated Ca-chelating peptides. UV, FTIR, and SEM analysis
showed N-H, C=O, and -COOH in ACP4 (VERG) should take responsibility for the chela-
tion of ACP4 (VERG) with Ca2+. Moreover, VERG-Ca chelate is stable in gastrointestinal
digestion and could significantly improve Ca transport in Caco-2 cell monolayer experi-
ments, but phytate could significantly reduce the absorption of Ca derived from VERG-Ca
chelate. The present results suggested that Ca-chelating peptides derived from Antarctic
krill proteins could serve as functional ingredients in healthy food to promote Ca bioavail-
ability. However, the absorption and transport mechanisms of VERG-Ca chelate in vivo
need to be further elucidated.
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Abstract: Metabolic disorders are increasingly prevalent conditions that manifest pathophysiologi-
cally along a continuum. Among reported metabolic risk factors, elevated fasting serum glucose (FSG)
levels have shown the most substantial increase in risk exposure. Ultimately leading to insulin resis-
tance (IR), this condition is associated with notable deteriorations in the prognostic outlook for major
diseases, including neurodegenerative diseases, cancer risk, and mortality related to cardiovascular
disease. Tackling metabolic dysfunction, with a focus on prevention, is a critically important aspect
for human health. In this study, an investigation into the potential antidiabetic properties of a salmon
protein hydrolysate (SPH) was conducted, focusing on its potential dipeptidyl peptidase-IV (DPP-IV)
inhibition and direct glucose uptake in vitro. Characterization of the SPH utilized a bioassay-guided
fractionation approach to identify potent glucoregulatory peptide fractions. Low-molecular-weight
(MW) fractions prepared by membrane filtration (MWCO = 3 kDa) showed significant DPP-IV in-
hibition (IC50 = 1.01 ± 0.12 mg/mL) and glucose uptake in vitro (p ≤ 0.0001 at 1 mg/mL). Further
fractionation of the lowest MW fractions (<3 kDa) derived from the permeate resulted in three peptide
subfractions. The subfraction with the lowest molecular weight demonstrated the most significant
glucose uptake activity (p ≤ 0.0001), maintaining its potency even at a dilution of 1:500 (p ≤ 0.01).

Keywords: marine protein hydrolysate; DPP-IV inhibition; glucose uptake; glucoregulatory peptides;
bioactive peptides; salmon protein hydrolysate; metabolic disease

1. Introduction

Metabolic disorders entail a fundamental malfunction in the body’s processing of
nutrients, often stemming from an imbalance in nutrient intake, particularly in terms of
excessive caloric consumption. In the 21st century, metabolic disease poses a substantial
challenge to public health, fueled by a relentless rise in its incidence. An important
downstream manifestation of metabolic disorders is related to glucose metabolism. Today,
over 11% of the US adult population has clinical type 2 diabetes (DM2) according to a 2022
Center of Disease Control report [1]. Although the pathophysiology of type 2 diabetes
(DM2) and metabolic syndrome differs, insulin resistance serves as a central metabolic
derangement in both conditions.

A common early sign of metabolic disruption is elevated insulin levels. Continu-
ous hyperinsulinemia can result in a cluster of metabolic abnormalities referred to as
metabolic syndrome (MetS). This syndrome is defined somewhat arbitrarily by a collection
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of metabolic abnormalities including hypertension, elevated triglycerides, hyperglycemia,
low HDL cholesterol, and central obesity [2]. Fulfilling three or more criteria establishes
the presence of clinical MetS. While obesity is a criterion, it does not universally define
metabolic unhealthiness, as not all metabolically unhealthy individuals are obese [3]. Ad-
dressing insulin resistance through therapeutic interventions is crucial, as research has
identified it as a significant factor in developing chronic diseases. Several chronic diseases,
such as cardiovascular disease, cancer, and neurodegenerative disease, are prognostically
worsened by the presence of such metabolic abnormalities [4–9].

High fasting plasma glucose (HFPG) is the metabolic risk factor that has undergone the
most substantial increase over time [10]. HFPG induces compensatory hyperinsulinemia,
which, over the long term, can result in insulin signaling defects in tissues normally respon-
sive to insulin [11]. Chronically elevated plasma glucose cause long-term negative effects
on various tissues, in large part from glucose being irreversibly and non-enzymatically
bound to proteins, lipids, or nucleic acids, leading to the formation of advanced glycation
end products (AGEs) [12]. The presence of AGEs increases the likelihood of inappropriate
activation of inflammatory and oxidative stress pathways, which contributes to negative
health consequences [13]. A practical, easily accessible method involving the use of nu-
traceuticals or functional foods would be an appealing means to attempt to both delay and
prevent the onset and progression of chronic metabolic diseases.

Natural marine bioactive compounds have become a focus of highly intensive re-
search in recent years, with researchers having successfully discovered and isolated over
12,000 novel metabolites [14]. Indeed, marine bioactive compounds and their health effects
rank among the most extensively researched compounds in the last two decades [15,16].
Marine organisms that were once regarded as a source of nutrition, like the sea cucumber,
are now viewed as reservoirs of valuable bioactive compounds that hold the potential to
serve as therapeutics and drug candidates relevant in addressing human diseases [17]. A
compelling category of marine bioactive compounds comprises bioactive peptides. Typi-
cally spanning from 3 to 20 amino acids in length, these functional fragments may influence
physiological processes upon consumption, serving as active biological regulators. Bioac-
tive peptides, often natural constituents of food, are found encrypted and inactive within a
specified parent protein, becoming bioactive upon release. Fish-derived marine bioactive
peptides and their by-products are typically obtained through biotechnological techniques,
commonly enzymatic hydrolysis. This method involves a gentle manufacturing process in
which enzymes break down proteins to produce a mixture of peptides, known as a pro-
tein hydrolysate [18,19]. Hydrolysates are crude mixtures of low-molecular-weight (MW)
bioactive and non-bioactive peptides [20]. Results from one clinical trial demonstrated
meaningful antihypertensive effects from shrimp-derived hydrolysates for individuals with
mild-to-moderate hypertension. The physiological effects of bioactive peptides contained
within protein hydrolysates are remarkably diverse, with some exhibiting multifunction-
ality [21]. Marine organisms exhibit various bioactivities relevant to metabolic pathways,
encompassing glucoregulatory, blood pressure-regulating, anti-inflammatory, and antioxi-
dant effects [22,23]. Notably, however, research on their potential bioactivities is ongoing
and includes several other areas of investigation, including the immune system and aging
processes [23]. These diverse effects, along with inherent attributes such as target specificity
and general safety, have intensified researchers’ interest in their development. Sustain-
ability concerns have shifted research towards the utilization of fish processing discards,
now regarded as secondary raw materials, in the development of bioactive peptides and
production of value-added protein hydrolysates that are suitable for human consump-
tion [24]. A common occurrence with the enzymatic hydrolysis of various fish species and
their processing discards is the generation of glucoregulatory bioactive peptides capable of
interacting with enzymes involved in glucose homeostasis [25,26].

Bioactive peptides liberated from Atlantic salmon (Salmo salar) are commonly observed
to inhibit dipeptidyl peptidase IV (DPP-IV), and to exert various antioxidant effects [27].
DPP-IV inhibition prevents the breakdown of glucagon-like peptide 1 (GLP-1) and glucose-
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dependent insulinotropic polypeptide (GIP) that are released post-prandially, prolonging
their half-life and amplifying the insulin effect on glucose homeostasis (Figure 1) [28].
Prolonged systemic circulation of incretins enhances the transcription, synthesis, and exo-
cytosis of insulin from pancreatic islet cells, which constitutes the mechanism of amplifying
the insulin response. Indeed, gliptins, a category of medications inhibiting DPP-IV enzymes,
are drugs that exploit this mechanism in the management of type 2 diabetes (DM 2). Bioac-
tive peptides targeting DPP-IV are typically derived from proline-rich motifs of collagenous
proteins, such as those found in the skin of salmon. As shown by Harnedy and colleagues,
significant DPP-IV inhibitory potential was demonstrated for a salmon-derived hydrolysate
manufactured from processing discards [29]. Today, various commercially available marine
protein hydrolysates based on processing discards are available. Similarly, Li-Chan and
colleagues reported considerable DPP-IV inhibitory effects of a specific peptide, GPAE,
derived from salmon gelatin, a partially hydrolyzed protein source [30]. Other glucoreg-
ulatory effects were demonstrated by Roblet and colleagues, showing enhanced glucose
uptake in muscle cells in vitro following exposure to a salmon-frame hydrolysate [31]. Hy-
drolysates from other fish species, such as sardine [25], silver carp [26], and shark liver [32],
have also been shown to exhibit diverse glucoregulatory properties. Animal research has
yielded encouraging findings, indicating that interventions lasting six weeks with the use
of hydrolysates demonstrate promise in alleviating insulin resistance [33]. Early indications
from clinical trials have indicated that marine hydrolysates can have clinically beneficial
metabolic effects [34–36].

 

Figure 1. Illustration of the “incretin effect”, which refers to the enhancement of insulin effectiveness
due to the post-prandial secretion of incretins from intestinal enteroendocrine cells.

In prior investigations involving a salmon protein hydrolysate (SPH) derived from
the processing discards of Norwegian Atlantic salmon (Salmo salar), some of the authors
of the current paper demonstrated favorable changes in various metabolic biomarkers
in small-scale clinical trials in response to daily SPH administration. These trials also
uncovered favorable changes in body mass index (BMI). A noteworthy observation was
the observation of significant improvements in hemoglobin and serum ferritin levels, in
the absence of supplementary or additional dietary iron. A small, yet consistent reduction
(ranging from 3% to 6%) in fasting plasma glucose has also been observed [37,38]. Further
in vitro investigations into the SPH have revealed significant fold-change increases in
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gene expression, particularly genes that are recognized as central for antioxidant defense
mechanisms, specifically HMOX, a change that was accompanied by the downregulation of
proinflammatory genes, including ALOX12 [39]. Transcription and translation of ALOX12
yields a lipoxygenase involved in proinflammatory metabolite pathways, which may be
one aspect contributing to pancreatic islet cell inflammation and injury, which is seen in the
pathogenesis of DM [40–42].

The objective of this study was to assess whether the SPH housed bioactive peptides
capable of exerting glucoregulatory properties. Glucoregulatory potential was assessed
in terms of capacity for DPP-IV inhibition and glucose uptake in rat myocytes in vitro.
Initial characterization of the SPH regarding its molecular weight and peptide composition
was conducted to generate foundational knowledge about its composition. Bioassay-
guided fractionation technology is employed in further developments in the presence of
the specified bioactivity.

The overarching goal of this research is to advance the development of an SPH into a
readily accessible and practical nutritional strategy that could potentially promote healthy
metabolic function, properly substantiated by scientific publications.

This approach could represent a readily accessible, cost-effective, and easily imple-
mentable strategy, potentially offering broad benefits for human health in a sustainable manner.

2. Results

2.1. Characterization and Fractionation of SPH

Initially, peptides from the SPH were characterized by employing size-exclusion
chromatography (SEC) and Fourier transform infra-red (FTIR) spectroscopy. SEC revealed
the MW distribution of the crude SPH (Figure 2) to include peptides spanning a wide range
of molecular weights. The average MW of the peptides for the crude SPH was calculated to
be 3395 Daltons (Da).

Figure 2. Size-exclusion chromatogram showing the molecular weight (MW) distribution of the SPH.
The chromatogram was continuously monitored at 214 nanometers (nm). Correlations between the
MW standards and retention time are presented as a dot plot overlayed in red.

As an initial fractionation protocol, filtration with a MW cut-off threshold of 3000 Da
was employed. Both permeates (MW < 3 kDa) and retentates (MW > 3 kDa) were collected
post-fractionation and analyzed further using SEC (Figure 3).
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Figure 3. Molecular weight distributions (size-exclusion chromatogram) of the retentate (>3000 Da)
and permeates (<3000 Da). Note that larger peptides and proteins elute earlier than smaller ones (see
calibration data in Figure 2).

The retentate fraction, representing the portion of the SPH retained by the filtration
membrane, exhibited an average MW of 4109 Da. Comparably, the permeate, which
denotes the portion of the SPH solution passing through the filtration membrane, displayed
a substantially lower average MW of 880 Da.

In addition to SEC, FTIR fingerprinting was used in order to benchmark the pep-
tide composition of the SPH against a previously published database of laboratory- and
industrial-scale hydrolysates [43]. The FTIR fingerprint of the SPH was projected onto a
Principal Component Analysis (PCA) model based on a database containing 1300 registered
hydrolysates. The FTIR fingerprint of the SPH shows that its peptide composition consti-
tutes a relatively unique peptide profile, placing it relatively distant from most hydrolysate
samples in the database (Figure 4). This can be attributed to both differences in the enzyme
used (i.e., PC1) and raw material differences (i.e., PC3 and PC4) [43].

 

Figure 4. Scores of the first six FTIR-PCA components in a model based on 1300 protein hydrolysates.
The dot size is proportional to hydrolysis time. Color represents employment of different enzymes in
the manufacturing of a given hydrolysate (Alcalase represented by blue; Corolase represented by red;
Flavourzyme represented by yellow; Protamex represented by purple; Papain represented by green).
SPH samples (represented by black dots) were determined to be distant/unique from most of the
database hydrolysates used for comparison.

2.2. Direct Glucose Uptake In Vitro

The effects of varying concentrations of crude SPH, permeate, and retentate are illus-
trated in Figure 5. L6 rat skeletal muscle cells treated with both crude SPH and 1.0 mg/mL
permeate solution demonstrated significant increases in glucose uptake (p ≤ 0.001 and
p ≤ 0.0001, respectively). Statistically significant effects were maintained at permeate
concentrations of 0.1 mg/mL (p ≤ 0.05). The permeate, consisting of smaller MW peptides,
was the primary driver of this effect on glucose uptake. No significant effect in terms
of glucose uptake was observed for cells treated with retentate solutions, composed of
higher-MW peptides.
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Figure 5. Effects of crude SPH, permeate, and retentate solutions on glucose uptake in L6 rat skeletal
muscle cells in vitro. Bar plot of relative glucose uptake in cells treated with insulin or hydrolysates
at indicated concentrations compared to control cells (i.e., untreated cells). The data are presented as
the average of a cell culture experiment seeded out in triplicates ± SD. Asterisks denote significant
differences (* p < 0.05, *** p < 0.001, **** p < 0.0001) compared to the control cells, calculated by
one-way ANOVA using Dunnett’s multiple comparison test.

To identify the most bioactive peptide fraction within the permeate, the permeate
mixture was further fractionated using SEC (see Figure 3; colorized chromatogram). The
resulting three subfractions, denoted as permeate I, permeate II, and permeate III, were
composed of peptides in decreasing order of MW. The permeate III subfraction, comprising
the smallest peptides, exhibited the highest activity in terms of directly facilitating glucose
uptake into muscle cells (p ≤ 0.0001; Figure 6). This subfraction exhibited a significant
(p ≤ 0.01) increase in glucose uptake even at the lowest tested concentration (fraction
diluted 1:500), indicating a potent bioactive potential.

 

Figure 6. Effects of the subfractions permeate I, permeate II, and permeate III on insulin-independent
glucose uptake in L6 rat skeletal muscle cells in vitro. Bar plot of relative glucose uptake in cells
treated with insulin or hydrolysates at indicated concentrations compared to control cells (i.e.,
untreated cells). The data are presented as the average of a cell culture experiment seeded out
in triplicates ± SD. Asterisks denote significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001) compared to the control cells, calculated by one-way ANOVA using Dunnett’s multiple
comparison test.
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2.3. DPP-IV Inhibition

Crude SPH, permeate, and retentates were screened for their glucoregulatory proper-
ties in terms of DPP-IV inhibition.

A capacity for DPP-IV inhibition was observed in all three types of samples, with the
permeate specifically demonstrating the highest level of activity determined at an IC50 of
1.01 ± 0.12 mg/mL (Figure 7).

Table 1. IC50 values for crude SPH, permeate, and retentate along with their respective 95% confidence
intervals (CIs).

Crude SPH Permeate Retentate

Best-fit values

Log IC50 0.2613 0.004061 0.4062

Hill slope 0.8898 0.9853 0.9966

IC50 1.825 1.009 2.548

95% CI (profile likelihood)

Log IC50 0.2350 to 0.2882 –0.04659 to 0.05563 0.3514 to 0.4647

Hill slope 0.84202 to 0.9421 0.8861 to 1.096 0.8746 to 1.137

IC50 1.718 to 1.942 0.8983 to 1.137 2.246 to 2.915

 

Figure 7. Dose–response curve illustrating DPP-IV inhibition activity of crude SPH, permeate, and
retentate. Dose–response curves (left) and fitting results from IC50 value calculations (Table 1).

2.4. Liquid Chromatography–Mass Spectrometry (LC-MS) Peptide Identification

The fraction showing the most potential in terms of DPP-IV inhibition and glucose
uptake effects underwent further analysis using MS-based peptidomics to enhance char-
acterization and identify peptides. A total of 260 peptides were identified with a high
“identification score”. A complete list of the peptides with the details of the identification
is available as supplementary data (See Supplementary Materials: 260 peptides). As an
example, one of the proteins that several peptides were identified as deriving from was
alpha fast skeletal muscle actin from Salmo salar (Figure 8).
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Figure 8. Heatmap of identified peptides in the permeate from alpha fast skeletal muscle actin from
Salmo salar (left), and protein sequence of alpha fast skeletal muscle actin (right).

3. Discussion

In recent years, there has been a growing number of studies aiming to characterize
and evaluate the feasibility and potential applicability of bioactivities in marine protein
hydrolysates [44]. Marine hydrolysates are widely acknowledged as safe nutritional inter-
ventions, offering preventive and supportive approaches for managing metabolic disorders.
Findings from clinical trials involving DPP-IV inhibitory hydrolysates have shown promis-
ing preliminary results, including improvements in fasting blood glucose (FBG) levels and
glycosylated hemoglobin A1c (HbA1c) after three months of intervention [34]. Hence, the
considerable health-promoting potential and feasibility of their utilization should warrant
continued research efforts. On a population level, even modest improvements in a person’s
metabolic risk profile would likely lead to significant reductions in overall human disease
burden and healthcare costs. As a component of a comprehensive strategy to address the
rising prevalence of metabolic diseases, focusing research efforts on the development of
nutraceutical interventions emerges as a valuable pursuit. This study aimed to collect
initial insights into the potential metabolic advantages of an SPH, alongside conducting a
characterization of this hydrolysate in terms of peptide composition.

Upon initial characterization, the SPH exhibited a peptide composition distinct from
that of 1300 commercial and laboratory hydrolysates listed in a recently published database.
This distinctiveness was apparent in the distribution of peptide sizes, a characteristic
primarily influenced by predefined manufacturing parameters such as the enzymes, hy-
drolysis time, and composition of raw materials employed. The average MW was 3395 Da,
comprising a broad spectrum of peptide sizes. The permeate, containing the smallest
peptide fraction, demonstrated the highest DPP-IV inhibitory potency, with an IC50 of
0.8983 to 1.137 mg/mL, consistent with results from some published DPP-IV assay experi-
ments on hydrolysates [45–47], with some studies reporting a comparably lower DPP-IV
inhibitory capacity 20–30%) than the SPH [30,48]. We found that this activity was mediated
by the peptide fraction composed of smaller-sized peptides with an average MW of 880 Da.
Indeed, this aligns with results from Zhang et al., where the most potent inhibitors were
seen for the peptide fractions lower than 3 kDa [49,50]. From the literature available over
the last five years concerning purified DPP-IV inhibitory bioactive peptides, the majority
were identified as di-, tri-, and oligopeptides, indicating peptides of smaller sizes [51].
Reportedly, inhibitors with smaller molecular weights exhibit superior performance as
DPP-IV inhibitors compared to larger-sized peptides [52]. The permeate, comprising pep-
tides with an average molecular weight of less than one kDa, aligns with the literature
which suggests that smaller peptides exhibit superior DPP-IV inhibition activity compared
to higher-molecular-weight fractions [53–55]. Moreover, the permeate surpassed both the
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retentate and crude SPH in terms of directly enhancing glucose uptake into rat myotubules.
Glucose uptake was increased by approximately 2.5-fold compared to control conditions,
and 2-fold compared to insulin at concentrations of 0.1 μM, a common in vitro dose for
such assays. [56]. Through additional bioassay-guided fractionation of the permeate, the
fraction containing the smallest peptides, designated as permeate-III, exhibited a signifi-
cantly greater capacity for glucose uptake compared to the original permeate. This is in line
with previously published reports, showing that glucose uptake was improved in muscle
cells when stimulated with low MW peptides from soy and poultry by-products [31,57]. A
mechanism mediating and facilitating glucose uptake seems to be a commonly occurrence
for salmon-derived peptide fractions [58]. Even when diluted to a ratio of 1:500, the potency
of permeate-III in achieving statistically significant effects was maintained for this low
molecular weight fraction.

The findings presented here reveal the presence of glucoregulatory peptides within a
potent subfraction derived from an SPH with a peptide composition unique from that of
other industrial hydrolysates. The more potent permeate, consisting of smaller peptides
with an average MW of 880 Da, suggests that shorter peptides are the main mediators of
this bioactivity. Applying the average MW of the 20 common amino acids, this corresponds
to a peptide chain of 8 amino acids, which is consistent with the characteristic chain length
for DPP-IV inhibitory peptides [59]. Whether these are specific peptides demonstrating
dual glucoregulatory properties or distinct peptides each performing a unique function
is yet to be determined. Notably, one of the most intriguing aspects of bioactive peptides
is their potential to be multifunctional, with a single peptide capable of exerting more
than one effect. By targeting multiple pathways involved in glucose regulation, synergy
may potentially offer enhanced efficacy in managing metabolic disruptions. Glucose can
be transported into different tissues either by sodium-dependent glucose co-transporters,
which do not depend on insulin, or by specialized glucose transporters known as GLUTs.
The precise mechanism through which the presence of peptides facilitates glucose uptake
remains to be understood. We can hypothesize whether GLUT-4 translocation to the
plasma membrane might be responsible for some of the effect, occurring through the
phosphoinositide 3-kinase pathway (PI3K-Akt) [46,60]. Bioactive peptides are reported
to increase glucose uptake through both insulin-dependent and -independent pathways.
Glucose uptake through insulin-independent pathways, specifically, frequently involves
the activation of AMP-activated protein kinase (AMPK), presenting potential avenues for
additional investigations for the SPH [61]. In a previous study, low-MW peptide fractions
from soybean demonstrated enhanced glucose uptake in L6 muscle cells when insulin was
present [31]. Although these peptides were found to activate AMPK, glucose uptake was
not enhanced in the absence of insulin.

Potent glucoregulatory properties were also evident for the lower-MW peptide fraction
in terms of DPP-IV inhibitory activities. The mechanism of enzyme inhibition, whether it
involves competitive, uncompetitive, or non-competitive pathways, or even mixed modes
by binding at either the active site and/or outside the catalytic site of the DPP-IV enzyme,
awaits further clarification in future studies. Further investigations of the glucoregula-
tory properties described herein should consider fractionation as an initial measure to
concentrate sufficient quantities of the potent low-molecular-weight constituents. In an
initial peptide screening using LC-MS peptidomics, 260 peptides with unique sequences
ranging from 8 to 25 amino acids in length were identified as highly likely to be bioactive
and to exert relevant glucoregulatory effects. From the peptides derived from alpha fast
skeletal muscle actin, we notice structural repeats in certain peptides, such as GP and PG
sequences, which are common structures for DPP-IV inhibitory peptides [62]. Addition-
ally, we observe proline flanked by leucine or valine residues, LP and VP, in some of the
peptides, as a frequently reported feature in DPP-IV inhibitory peptides [25,63]. We can
gain some insights into this specific peptide composition using predictive peptide tools.
The list of 260 peptides was evaluated with an online predictive tool, Peptide Ranker,
which employs neural networks to evaluate bioactivity based on peptide primary structure.
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A rank of 0.0 represents high likelihood of no bioactivity being present, while a rank of
1.0 indicates the very highest likelihood of bioactivity present [64]. The prediction tool
does not make predictions in terms of the nature of any given peptide, merely whether it
is likely to be bioactive or not bioactive. A compilation of ranked peptides can be found
in the supplementary materials (see Supplementary Materials: Ten Ranked Peptides). A
rank threshold of 0.8 was chosen to filter only the peptides most likely to be bioactive,
which affords a false positive rate of 6% for small peptides as reported by Bioware [65].
A total of 10 peptides out of the 260 listed peptides were assigned a rank higher than
0.8, suggesting a high likelihood of bioactivity with a corresponding low false positive
rate, with lengths from 13 to 20 amino acids long. The ten ranked candidate peptides are
seen harboring an abundance of Gly-Pro-type peptides, which may have been liberated
from various types of collagen derived from the skin, head, and trimmings of the Atlantic
salmon (Salmo salar) raw materials. Collagen is notably abundant in proline triplets, where
proline typically occupies position 2 of these triplets, typically denoted as Gly-X-Y. Here,
X and Y can represent any amino acid, although proline or hydroxyproline residues are
typical [66]. Proline residues in the second position from the N-terminus are indeed a
common structural feature of DPP-IV inhibitory bioactive peptides, a characteristic shared
by every ranked peptide [67]. The peptides listed can be expected to exhibit varying degrees
of DPP-IV inhibition based on this, with their potency likely influenced by the remaining
portions of their primary sequences. Enzymatic hydrolysis of Atlantic salmon (Salmo salar)
skin has produced peptides akin to the nine ranked peptides identified by Peptide Ranker,
albeit shorter in length. Specifically, sequences reported included GPAE and GPGA, which
exhibited potent IC50 values in terms of DPP-IV inhibition [30]. A glycine–proline type
of peptide cannot, however, be a mandatory feature of peptides with DPP-IV inhibitory
capacities, as novel peptides liberated from Atlantic salmon gelatin have yielded the pep-
tide LDKVFR, which was determined to be quite potent [68]. Hydrophobic interactions
of the peptide backbone with its DPP-IV target enzyme, along with other forces such as
Van der Waals interactions, are those that would dictate how the peptide interacts with
and modulates its target. The specific features contributing to the very highest potency of
marine-derived DPP-IV inhibitory peptides, including their length and primary sequence,
have not been fully elucidated at present.

The current findings are promising. Atlantic salmon (Salmo salar) processing by-
products, often considered secondary raw materials in the production of value-added
human-consumable products, are frequently identified as potent sources of glucoregula-
tory peptides. In one pre-clinical study on knockout mice, a fish protein hydrolysate was
deemed to exert a capacity for beneficial glucoregulatory effects, with a potency on par
with Metformin, a drug used in the management of type 2 diabetes [69]. A crucial future
consideration is the bioavailability of such interventions, should such interventions be
employed to address metabolic abnormalities. Certainly, addressing bioavailability remains
crucial for ensuring the acceptance and effectiveness of purified hydrolysate interventions.
At the same time, smaller peptides tend to exhibit greater resistance to gastrointestinal pro-
teolysis, which may allow them to be absorbed into the circulation in an intact form [70,71].
The ranked peptides cannot be classified strictly as short peptides, however, should they
become the most promising peptide candidates.

Even if the metabolic benefits of regular consumption of bioactive hydrolysates are
modest, in the case of bioavailability limitations, the overall effects would be highly fa-
vorable on a population-wide scale. Another consideration is determining the extent of
purification employed for a hydrolysate to enhance its glucoregulatory potency, while
ensuring that this level of purification is still cost-effective and feasible for industrial-scale
manufacturing. Additional in silico and in vitro investigations are necessary next steps
to pinpoint the most potent and promising peptide candidates. These peptide candidates
will subsequently undergo further characterization, including molecular docking investiga-
tions. Utilizing salmon raw materials sustainably to manufacture products with potentially
meaningful health benefits appears to be an appealing and straightforward developmental
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trajectory. Since these peptides originate from food sources, they tend to be inherently
safe for human consumption. In terms of conducting a comprehensive exploration of
potential antidiabetic mechanisms, it would be intriguing to examine the possible presence
of incretin mimetics within the SPH, as has been demonstrated for some hydrolysates [72].
Purified peptides will be further employed in appropriate pre-clinical animal models to
assess their efficacy in an in vivo environment.

4. Conclusions

The current study provided initial characterization and bioactivity screening of a
protein hydrolysate derived from Atlantic salmon (Salmo salar) raw materials. The initial
analysis indicated that the SPH comprises relatively large peptides, with an average size of
3395 Da. The FTIR spectrum expressed a distinct signature compared to a large library of
industrial hydrolysates, suggesting a unique peptide composition.

Bioactivity assaying unveiled potent glucoregulatory properties, operating through
two distinct mechanisms. The permeate exhibited the highest potency, indicating that
the glucoregulatory activity is mediated primarily by short-chained bioactive peptides.
LC-MS-driven peptidomics identified more than 260 relevant peptides in the permeate,
with 10 predicted to possess the highest bioactivity. The primary structures of these ten
peptides displayed features commonly found in DPP-IV inhibitory peptides.

Biotransformation of salmon processing discards offers high-quality nutrition and po-
tent glucoregulatory peptides, which, if applied on a population scale, could meaningfully
alleviate the growing health burden of metabolic disease. Bioactive peptides emerge as
promising and versatile biological tools suited for use in future personalized medicine.

A feasible and safe peptide intervention for general use, whether as crude hydrolysates
or permeates offering health benefits, or as highly purified bioactive fractions, will require
distinct considerations. Randomized clinical trials and bioavailability assessments are
essential prerequisites to guarantee their successful application.

5. Materials and Methods

5.1. Manufacturing Salmon Protein Hydrolysate

The head, skin, trimmings, frames, and bones (regarded as secondary raw materials)
of Atlantic salmon (Salmo salar), arriving from supplier-audited fileting plants, are received
at the hydrolysis plant on a daily basis. Secondary raw materials are then ground up
and directed into a hydrolysis tank after which food-grade enzymes, Foam Control 30,
and water are added to generate a mixture. The product is heated in two steps to a final
temperature of 95 ◦C, held for a period of 5 min. The final mixture is transferred and
split into respective fractions. Upon centrifugation, a final separation of the mixture into
an SPH fraction, partially hydrolyzed protein (PHP) fraction, salmon oil fraction, and
collagenous hydroxyapatite fraction is generated. Subsequently, the protein concentrate is
sent through a heat exchanger, is homogenized, and finally, is spray dried. The product is
sieved and packed.

5.2. Sample Materials and Chemicals

SPH consists of a broad array of peptides derived from the enzymatic hydrolysis of
proteins from salmon raw materials employing non-GMO protease enzymes. The degree
of hydrolysis is estimated at 10%. The SPH appears as a light-yellow powder. It has a
water-soluble protein content of >95%, of which >25% is composed of type I/III collagen
peptides, with a fat content of <0.5%, and an ash content of <2.5%.

The amino acid composition is glutamic acid (13.9 g/100 g), aspartic acid (9.4 g/100 g),
glycine (14.9 g/100 g), proline (7.6 g/100 g), lysine (7.0 g/100 g), alanine (7.5 g/100 g),
and arginine (6.9 g/100 g). Hydroxyproline content was quantified to 4.18 g/100 g (ISO
13903:2005) [73]. Moreover, it contains meaningful amounts of vitamin B12 (cyanocobal-
amin), 27.9 μg/100 g (batch: sph 23012), as well as selenium (Se), 0.77 mg/kg (batch: sph
23012). Regular safety checks are performed by Eurofins as the process pertains to heavy
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metals, aflatoxins, dioxins, furans, and polychlorinated biphenyls. The SPH is screened
negative for pesticides. The molecular weight peptide distribution is 5.5% for peptides
<200 Da, 10.0% for peptides 200–500 Da, 14.1% for peptides 500–1000 Da, 20.4% for peptides
1000–2000 Da, 21.2% for peptides 2000–4000 Da, and 13.2% for peptides 4000–6000 Da, and
remaining amounts are accounted for by higher-molecular-weight peptides.

Analytical grade acetonitrile, trifluoracetic acid (TFA), and monosodium phosphate
used for size-exclusion chromatography (SEC) were purchased from Sigma-Aldrich (Oslo,
Norway). A DPP4 inhibitor screening assay kit was purchased from Abcam (Amsterdam,
Netherlands). Water was prepared by deionization and membrane filtration (0.22 μm)
using a Millipore Milli-Q purification system (Molsheim, France).

5.3. FTIR-Based Fingerprinting and Benchmarking

Dry-film FTIR analysis was performed according to Wubshet et al. [74]. SPH was
dissolved in ultrapure water to a concentration of 20 mg/mL, and 10 μL of such a sample
was deposited onto a 96-slot Si-microtiter plate (Bruker Optik Gmbh, Germany) and
dried at room temperature to form dry films. The sample was made in five replicates
and measured by a High Throughput Screening eXTension (HTS-XT) unit coupled to a
Tensor 27 spectrometer (both Bruker Optik Gmbh, Ettlingen, Germany). The spectra were
recorded in the region between 4000 and 400 cm−1 with a spectral resolution of 4 cm−1 and
an aperture of 5.0 mm. A second derivative was applied to the spectra using the Savitzky–
Golay algorithm with a polynomial degree of two and a smoothing window size of 13 points.
Similar to the database spectra published by Måge et al. [43], the spectra were normalized
using a standard normal variate (SNV). For benchmarking, the FTIR fingerprints of SPH
were projected into an in-house (Nofima, Ås, Norway) PCA model based on an FTIR
spectral database of 1300 industrial and laboratory-produced hydrolysates, as described in
Måge et al. [43].

5.4. Size-Exclusion Chromatography

The MW distributions of crude SPH, permeate, and retentate were analyzed with a size-
exclusion chromatograph (SEC) according Wubshet et al. [74]. Briefly, 10 μL of the peptide
solution (20 mg/mL) was separated in a BioSep-SEC-s2000 column (Phenomenex, Værløse,
Denmark, 300 × 7.8 mm) coupled with a Dionex UltiMate 3000 HPLC system (Thermo
Scientific, Waltham, MA, USA). The mobile phase was acetonitrile (30% (v/v)) in ultrapure
water (70% (v/v)) containing 0.05% TFA. The flow rate was 0.9 mL/min, and the UV
absorption was monitored at 214 nm. Molecular weight distribution and weight-average
molecular weight (MW) of the crude hydrolysate and fractions were calculated using
PSS winGPC UniChrom V 8.00 software (Polymer Standards Service, Mainz, Germany).
Standards for calibration and calculations of molecular weight distribution and average
MW were made as described in Wubshet et al. [74].

5.5. Filtration and SEC Fractionation

A solution of 10 mg/mL of SPH was prepared in ultra-filtered water and filtered
through a Millex-HV PVDF syringe filter with a pore size of 0.45 mm (Merck Millipore,
Billerica, MA, USA). The resulting crude SPH solution was subsequently fractionated using
Amicon centrifugal filters, MWCO 3 kDa. The filtration procedure was carried out in
accordance with the instructions provided by the manufacturer. Briefly, 15 mL (per single
filtration) was loaded to the filters and centrifugation was performed at 4400 rpm for 20 min
at 25 ◦C. Permeates and retentates from the filtration were collected and were freeze dried
before further analysis.

Molecular-weight-based fractionation of the ProGo-permeate was performed using
the same column and same method explained in Section 2.1 with higher loading. A total
of three fractions were collected in the elution periods of 7–9 min (permeate I), 9–10 min
(permeate II), and 10–13 min (permeate III). These three subfractions were freeze dried
before further bioactivity evaluation.
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5.6. Skeletal Muscle Glucose Uptake

Cellular models are essential for studying biology in controlled settings. They offer
detailed understanding of the molecular pathways and cellular reactions associated with
both healthy and diseased states. In this context, L6 myotubes are particularly useful. Their
pattern of GLUT (glucose transporter) expression closely resembles that of fully differenti-
ated mammalian muscle. Specifically, they exhibit high levels of GLUT4 and relatively low
levels of GLUT1 and GLUT3 [75]. L6 rat myoblasts (CRL-1458, ATCC) were maintained
in high glucose containing DMEM with 10% FBS, 0.1% penicillin/streptomycin, and 0.1%
Fungizone. Glucose uptake experiments were performed on differentiated L6 rat myotubes
(CRL-1458, ATCC), initiated as follows: Amounts of 5000 cells per well were seeded out
in a white 96-well plate with a flat bottom using a high-glucose DMEM (ATCC 30–2002)
cell culture medium with 10% FBS, 0.1% penicillin/streptomycin, and 0.1% Fungizone.
After 4 days of proliferation, differentiation was initiated using a differentiation medium
with high-glucose DMEM (ATCC 30–2002) 2% FBS, 0.1% penicillin/streptomycin, and 0.1%
Fungizone. The differentiation medium was changed every day for three days, before the
myotubes were placed in a starvation medium, containing DMEM with no glucose, phenol
red, and glutamine (A1443001, ThermoFisher), and 0.1% penicillin/streptomycin and 0.1%
Fungizone. Differentiation was monitored in the microscope throughout the experiment.
After 18 h in the starvation medium, myotubes were incubated in the presence or absence
of insulin and hydrolysates for 1 h at the concentrations indicated in the figure legend.
Control cells were left in the starvation medium.

Glucose uptake was performed using the Glucose Uptake-Glo™ Assay (J1342, Promega)
according to the manufacturer’s instructions. In brief, cells pre-treated with insulin or
hydrolysates for 1 h were washed with PBS, followed by 30 min incubation with 2-
deoxyglucose (2DG). 2DG is transported across the cell membrane and undergoes in-
tracellular phosphorylation, in the same manner as the breakdown of glucose during
glycolysis. This process results in the formation of 2DG6P, which traps the substrate within
the cell, leading to intracellular accumulation. However, due to steric hindrances, 2DG6P
cannot be further processed in the glycolysis pathway. This allows for the assessment of
2DG uptake only. One hour after incubation with a 2DG6P detection reagent containing
NADP+, reductase, and proluciferin enzymes, the intracellular 2DG6P is measured. The
presence of 2DG6P reduces NADP+ to NADPH. This NADPH is then used by a reductase
to convert proluciferin to luciferin. Luciferin serves as a substrate for luciferase, producing
a luminescent signal proportional to the concentration of 2DG6P (See Figure 9). This allows
for the quantification of 2DG uptake.

Luminescence was then recorded by a plate reader. Omitting 2DG or adding STOP
buffer prior to 2DG incubation was used as negative controls. An amount of 0.1 μM insulin
was employed as a positive control.
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Figure 9. Illustration of the bioluminescence method for measuring glucose uptake in cells, based
on the detection of 2-deoxyglucose-6-phosphate (2DG6P). First, 2DG is added to the cells, and is
transported into the cell. Then stop and neutralization buffers are added to stop the reactions, lyse
the cells, and eliminate the NADPH present inside the cells. The 2DG6P detection reagent is added;
this will oxidize 2DG6P to 6-phosphodeoxygluconate and reduce NADP+ to NADPH. Proluciferin is
then converted to luciferin, which acts as a substrate for a recombinant luciferase that produces a
luminescence signal proportional to the concentration of 2DG6P.

5.7. DPP-IV Inhibition

DPP-IV inhibition of crude SPH, permeate, and retentate fractions was evaluated using
a commercial fluorometric dipeptidyl peptidase-IV (DPP-IV) inhibitor screening assay kit
(Ab133081) produced by Abcam (Berlin, Germany). The protocol for the assay followed
the instructions provided by the manufacturer. All three samples were tested in 8 different
concentrations (from 0.01 mg/mL to 5.0 mg/mL). Test solutions were prepared in the assay
buffer and all concentrations were tested in triplicates.

Fluorescence intensity was measured with a Microplate Reader Synergy H1 (BioTek,
Winooski, VT, USA) using an excitation wavelength of 355 nm and an emission wavelength
of 455 nm. Inhibition of DPP-IV (IDPP-IV) was calculated as follows:

IDPP-IV(%) =

(
initial activity − inhibitor

intial activity

)
× 100

where initial activity is the activity of DPP-IV without the inhibitor present and inhibitor
is the activity of DPP-IV with the sample present. In addition to the test samples, a
positive control, sitagliptin, was tested in triplicate in the same plate. At a predetermined
concentration provided with the assay kit, sitagliptin showed DPP-IV inhibition of 87.64%
(±0.07).

The data fitting and IC50 value calculation were performed using GraphPad Prism
(La Jolla, CA, USA).
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5.8. Liquid Chromatography–Mass Spectrometry de Novo Sequencing of Peptides

Peptides were resolved with loading buffer [2% (v/v) CAN and 0.05% (v/v) triflu-
oroacetic acid]. Peptides were loaded onto a trap column (Acclaim PepMap 100, C18,
5 μm, 100 Å, 300 μm i.d. × 5 mm, Thermo Fisher Scientific) and then backflushed with a
loading buffer described below onto a 50 cm × 75 μm analytical column (Acclaim PepMap
RSLC C18, 2 μm, 100 Å, 75 μm i.d. × 50 cm, nanoViper, Thermo Fisher Scientific, Bremen,
Germany) for LC-MS/MS analysis. Conditions for ultra-high-performance LC were as
follows: loading pump, flow rate 20 μL/min with loading buffer; 2% (v/v) ACN and 0.05%
(v/v) formic acid (FA) and nano/cap pump, flow rate 0.3 μL/min with a gradient of two
buffers, A [0.1% (v/v) FA] and B [80% (v/v) CAN, 0.08% (v/v) FA]. The LC gradient was run
for 120 min, from 3.2 to 80% buffer B. Peptides from the 12 most intense peaks were frag-
mented, and the mass-to-charge values of these fragmented ions were measured (tandem
mass spectrometry, MS/MS) with a Q-Exactive Quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific, USA). The Q-Exactive mass spectrometer was set up as follows: a
full scan (300–1500 m/z) at R = 140,000 was followed by (up to) 12 MS2 scans at R = 17,500
using an NCE setting of 28. Singly charged precursors were excluded for MS/MS, as were
precursors with z > 5. Dynamic exclusion was set at 20 s. Finally, peptide identification
was performed using MaxQuant, an integrated suite of algorithms specifically developed
for high-resolution, quantitative MS data. Raw LC-HRMS/MS data were searched against
a non-specific digest of Salmo salar (Atlantic salmon) proteins (UniProtKB database).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md22040151/s1, 260 Peptides, IC50 results raw and Peptide Ranker.
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Abstract: (−)-Doliculide, a marine cyclodepsipeptide derived from the Japanese sea hare, Dolabella
auricularia, exhibits potent cytotoxic properties, sparking interest in the field of synthetic chemistry.
It is comprised of a peptide segment and a polyketide moiety, rendering it amenable to Matteson’s
homologation methodology. This technique facilitates the diversification of the distinctive polyketide
side chain, thereby permitting the introduction of functional groups in late stages for modifications
of the derived compounds and studies on structure–activity relationships.

Keywords: actin binder; click chemistry; doliculide; Matteson homologation; SAR studies

1. Introduction

Isolation of (−)-doliculide (Figure 1) from the Japanese sea hare, Dolabella auricularia,
was first reported almost 30 years ago by Yamada et al., along with its potent cytotoxicity
against HeLa-S3 cells (IC50 = 1 ng/mL) [1]. The mollusk itself may not necessarily be the
producer of this cyclic depsipeptide, but metabolites isolated from Dolabella auricularia
have been shown to originate from cyanobacteria and are therefore of dietary origin [2].
Due to their biological activities as anticancer agents, naturally derived cyclopeptides are
interesting candidates for drug development, and so is doliculide [3–5].

 

Figure 1. (−)-Doliculide.

Doliculide was found to act as a potent actin binder with a higher cell-membrane
permeability than phalloidin and, thus, initiates actin aggregation, leading to inhibition of
proliferation and apoptosis [6–10]. Subtoxic doses of doliculide lead to a transient change in
reversible cytoskeleton dynamics and induction of premature senescence in p53 wild-type
cells [11]. In a proof-of-concept study, doliculide was revealed to be a subtype-selective
antagonist of the prostanoid E receptor 3 as a macromolecular target [12]. While the peptide
and polyketide moieties of doliculide are both of some significance in actin binding, most
synthetic derivatizations so far have focused on the peptide moiety, e. g., modifications in
the (R)-Tyr-moiety, substitution of the iodo-(R)-Tyr part to Trp, or Gly to (S)-Ala [9,13,14].

Removal of the hydroxyl group within the polyketide moiety resulted in a notable
sixfold reduction in cytotoxic activity against HeLa-S3 cells. Conversely, complete removal
of the polyketide or all associated functionalities yielded derivatives that were inactive [13].
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It was shown that doliculide stabilizes F-actin in a similar way to structurally related
natural products such as jaspamide [15], geodiamolide [16], seragamide [17], or miurae-
namide [18–20] (Figure 2) [21]. Even the double-bound geometry in the miuraenamides
has no significant effect on cytotoxicity [22]. All these cyclodepsipeptides are hybrids
of a small peptide fragment and a variably substituted polyketide unit. Here, an α- or
β-amino acid can be incorporated, which might be substituted or unsaturated. In the case
of doliculide, this third amino acid is even missing, while the polyketide fragment is longer
compared to most of the other natural products (except for the miuraenamides). This
prompted our assumption that the isopropyl group at the terminus of the polyketide may
be a replacement for the third amino acid, and that this may also be variable.

 

Figure 2. Structurally related F-Actin-stabilizing natural products.

2. Results and Discussion

As our group is experienced in the syntheses of such peptide–polyketide conju-
gates [23–26], this assumption led us to develop a straightforward synthesis of doliculide,
and associated derivatives, based on Matteson homologation [27–29], allowing late-stage
variation at exactly this position [30]. In an initial modification, it was demonstrated that
replacing the isopropyl group by the smaller methyl group led to almost no change in its
cytotoxic activity. In principle, Matteson homologation should allow for the synthesis of a
variety of derivatives simply by varying the nucleophiles in the homologation steps [30–33].
Therefore, we decided to also incorporate allyl and propargyl moieties via Matteson ho-
mologation, which could then be further used for late-stage modification—generating a
variety of doliculide derivatives for structure–activity relationship (SAR) studies.

2.1. Preparation of Modified Polyketide Fragments

Synthesis of the polyketide fragments started from the previously described boronic
ester 1 [30], which was subjected to Matteson homologation with Cl2CHLi to obtain homolo-
gated α-chloroboronic ester, 1a-Cl (Scheme 1). To facilitate preparation of 2a, compound
1a-Cl was quickly worked up before it was reacted with a Knochel-type propargylic zinc
reagent [34,35], which gave better yields than the corresponding Grignard reagent. Further-
more, 1a-Cl was reacted with AllylMgBr in a one-pot fashion to deliver 2b. Both boronic
esters, 2a and 2b, were subsequently oxidized to the corresponding polyketide fragments,
3a and 3b.

76



Mar. Drugs 2024, 22, 165

 

Scheme 1. Syntheses of the polyketide fragments 3.

2.2. Syntheses of the Doliculide Core Structure

Steglich esterification of the alcohols, 3, with modified (R)-Tyr, 4, delivered the esters,
5. Subsequent trityl deprotection and Jones oxidation generated acids, 6, in acceptable yield
even in the presence of the acid-labile Boc- and PMB-protecting groups (Scheme 2). The
acids were then coupled with glycine tert-butyl ester to produce the peptides, 7. After acidic
cleavage of the Boc-, PMB- and tert-butyl-protection groups, cyclization using BOPCl (bis(2-
oxo-3-oxazolidinyl)phosphinic chloride) as activator provided the corresponding cyclic
peptides [36]. Unexpectedly, acidic treatment did not result in cleavage of the TMS-alkyne.
Finally, CpRu(MeCN)3PF6-mediated removal of the allyl protecting group gave rise to both
the TMS-protected alkyne, 8a, and the allyl derivative, 8b [22,37,38]. TMS deprotection of
8a was achieved by treatment with TBAF and 8c was obtained quantitatively.

 

Scheme 2. Finalization of the precursors 8 for late-stage modifications.

2.3. Modification of the Doliculide Core Structure

Precursor 8c was then subjected to Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
with various azides, yielding triazoles, 9, in generally good yields (Scheme 3) [39,40]. Only
the significantly more polar acid, 9d, was obtained in somewhat lower yield.
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Scheme 3. Modifications of doliculide derivative 8c.

In addition, alkyne 8c was also used for Sonogashira couplings with several aryl
iodides [41]. An excess of aryl iodide was used to prevent side-reactions which could occur
with the electron-rich aryl iodide of the tyrosine moiety of 8c. Good yields of 10 were
obtained with both electron-rich and electron-poor iodoarenes.

Allyl derivative 8b was subjected to a series of BEt3/O2-mediated radical thiol-ene
reactions, giving rise to several functionalized thioethers, 11 (Scheme 4) [42,43]. Thioacetic
acid could also be implemented, leading to the thioester 11f in high yield. Only with
ester and acid functionalities in the thiol component, the conversion was observed to be
incomplete and, therefore, another 0.3 equiv. BEt3 were subsequently added, leading to full
conversion.

 
Scheme 4. Thiol-ene click reactions with precursor 8b.

3. Cytotoxicity Evaluation of New Doliculide Derivatives

Finally, with the doliculide derivates now available, we undertook SAR studies to de-
termine the impact of the modifications at the end of the polyketide chain. The cytotoxicity
of the derivatives 8–11 was investigated towards five different cancer cell lines. The IC50
values are given in Table 1 and compared to synthetic doliculide (A, entry 1).
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Table 1. IC50 values of doliculide A and derivatives 8–11 towards different cancer cell lines [a].

Entry Compound
IC50

HepG2 CHO-K1 HCT-116 U-2 OS KB3.1

1 A 16.4 ± 4.2 nM 110.8 ± 4.5 nM 8.8 ± 0.5 nM 25.2 ± 1.8 nM 38.0 ± 9.9 nM
2 8a 20.0 ± 4.5 μM 380 ± 44 nM 8.0 ± 7.3 nM 336 ± 146 nM ≤115 nM [b]

3 8b >60.2 μM 264 ± 13 nM 16 ± 8 nM 521 ± 488 nM 103 ± 65 nM
4 8c 147 ± 65 nM 474 ± 147 nM 65 ± 16 nM 49 ± 33 nM 114 ± 49 nM
5 9a >49.6 μM 24 ± 9 nM 309 ± 81 nM ≤ 80 nM [b] 47 ± 13 nM
6 9b >50.1 μM 69 ± 12 nM ≤ 110 nM [b] ≤ 110 nM [b] 41 ± 14 nM
7 9c >46.0 μM 23.8 ± 0.5 μM 3.81 ± 1.00 μM 14.4 ± 1.3 μM 21.9 ± 12.6 μM
8 9d >46.2 μM >46.2 μM >46.2 μM >46.2 μM >46.2 μM
9 9e >47.0 μM >47.0 μM 8.55 ± 1.14 μM 23.0 ± 4.4 μM 10.5 ± 0.3 μM
10 9f >41.7 μM 6.38 ± 2.81 μM 86 ± 79 nM 1.56 ± 0.67 μM 722 ± 180 nM
11 9g >39.7 μM 12.9 ± 3.0 μM 432 ± 140 nM 2.94 ± 1.75 μM 3.29 ± 1.39 μM
12 10a 15.5 ± 0.3 μM 247 ± 145 nM 14.5 ± 0.6 nM 683 ± 87 nM 49 ± 29 nM
13 10b >51.5 μM 1.46 ± 0.28 μM 153 ± 56 nM 1.88 ± 0.11 μM 459 ± 111 μM
14 10c >50.4 μM 586 ± 205 nM 10 ± 3 nM 491 ± 95 nM 98 ± 41 nM
15 11a >53.4 μM 765 ± 13 nM 22 ± 9 nM 129 ± 14 nM 196 ± 72 nM
16 11b >52.5 μM 142 ± 85 nM >52.5 μM 238 ± 10 nM 28 ± 3 nM
17 11c >50.0 μM 391 ± 122 nM 10.8 ± 1.2 nM 582 ± 68 nM 37 ± 1 nM
18 11d >49.4 μM 9.84 ± 3.87 μM 60 ± 13 nM 4.90 ± 3.87 μM 3.93 ± 1.14 μM
19 11e >52.3 μM 39.8 ± 18.0 μM 6.21 ± 3.00 μM >52.3 μM >52.3 μM
20 11f >53.6 μM 6.08 ± 2.32 μM 41 ± 23 nM 6.21 ± 1.74 μM >53.6 μM

Color code <10.0 nM 10.0–100.0 nM 100.0 nM–1.0
μM 1.0–10.0 μM >10.0 μM

[a] HepG2: human hepatocellular carcinoma; CHO-K1: mutagenized Chinese hamster ovary; HCT-116: human
colon carcinoma; U-2 OS: human bone osteosarcoma; KB3.1: human epidermoid carcinoma cell line. [b] The
individual results varied widely and were therefore given as a range.

Of all derivatives tested, only doliculide showed a high toxicity against most cancer cell
lines. It was the only active compound against HepG2 (human hepatocellular carcinoma),
and only propargyl-derivative 8c showed any significant activity, although tenfold lower
(entry 4). All other derivatives were almost inactive. Clearly, this cell line is extremely
sensitive towards modification at this position. This derivative also showed good activity
against U-2 OS (human bone osteosarcoma). Two triazole derivatives, 9a and 9b, were
found to be the most active compounds against CHO-K1 (mutagenized Chinese hamster
ovary carcinoma) (entries 5 and 6). Against KB3.1 (human epidermoid carcinoma cell
line), they were comparably active with A or alkyne 10a. The thioethers 11b and 11c were
found to be the most active compounds in this series (entries 16 and 17). The human colon
carcinoma cell line (HCT-116) was found to be by far the most sensitive cell line. IC50
values in the low nM range, and comparable to A, were obtained with several doliculide
derivatives such as 8a, 8b, 10a, 10c or 11c (entries 2, 3, 12, 14 and 17).

4. Materials and Methods

The General Synthetic Methods were as follows: All air- or moisture-sensitive reactions
were carried out in dried glassware (>100 ◦C) under an atmosphere of nitrogen or argon.
Anhydrous solvents were purchased from Acros Organics (now Thermo Fisher Scientific,
Waltham, MA, USA) or dried before use (THF was distilled over Na/benzophenone, diiso-
propylamine over CaH2, MeOH distilled with Magnesium and degassed via freeze–pump–
thaw). ZnCl2 was fused in vacuo at 0.1 mbar prior to use. Ethyl acetate (EtOAc), petroleum
ether and n-pentane were additionally distilled before use. Reactions that required cooling
were cooled using conventional methods (ice/water for 0 ◦C, dry ice/acetone for −40 ◦C
or −78 ◦C). Reactions that required heating above rt were heated using an oil bath. Re-
actions were monitored by NMR or analytical TLC, which was performed on precoated
silica gel on Macherey-Nagel (Dueren, NRW, Germany) TLC-PET foils (Polygram® SIL
G/UV254). Visualization was accomplished with UV-light (254 nm), KMnO4 solution or
Ce(IV)/ammonium molybdate solution. The products were purified by flash chromatog-
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raphy on Macherey-Nagel 60 silica gel columns (0.063–0.2 mm or 0.04–0.063 mm) or by
automated flash chromatography on Büchi (Flawil, Switzerland) Pure C-815 Chromatogra-
phy System and prepacked Teledyne Isco (Thousand Oaks, CA, USA) silica gel cartridges
(RediSep Rf normal- Macherey-Nagelphase silica flash 30–70 μm columns). Reversed-phase
flash chromatography was accomplished by automated flash chromatography on Büchi
Reveleris Prep Chromatography System and Büchi FlashPure Select C18 30 μm spherical
cartridges or Cole-Parmer Telos (Vernon Hills, IL, USA) C18 cartridges. Preparative HPLC
was performed on a Büchi Reveleris Prep Chromatography System using a Phenomenex
(Danaher Corporation, Washington, DC, USA) Luna C18(2) 100 Å column (250 × 21.1 mm,
5 μm). 1H- and 13C-NMR spectra were recorded with a Bruker (Billerica, MA, USA) AV
II 400 [400 MHz (1H), 100 MHz (13C)], a Bruker AV 500 [500 MHz, (1H), 125 MHz (13C)]
or a Bruker Avance Neo 500 [500 MHz, (1H), 125 MHz (13C)] spectrometer in CDCl3 or
DMSO-D6. NMR spectra were evaluated using NMR Processor Version 12.01 from Ad-
vanced Chemistry Development Inc. (ACD/Labs, Toronto, ON, Canada) or Bruker TopSpin
Version 4.1.1. Chemical shifts are reported in ppm relative to Si(CH3)4 and the solvent
residual peak was used as the internal standard. Selected signals for the minor diastere-
omers/rotamers are extracted from the spectra of the isomeric mixture. Multiplicities are
reported as bs (broad signal), s (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet).
Signals marked with * in 13C-NMR give broad signals. Structural assignments were made
with additional information from gCOSY, gNOESY, gHSQC, or gHMBC experiments. Melt-
ing points were determined with a melting-point apparatus MEL-TEMP II by Laboratory
Devices (Auburn, CA, USA) and are uncorrected. High-resolution mass spectra (HRMS)
were recorded with a Finnigan (now Thermo Fisher Scientific) MAT95 spectrometer using
the CI technique (CI) or a Bruker Daltonics 4G hr-ToF (ESI-ToF) or a Bruker solariX using
the ESI technique (ESI-FTICR). Other HRMS were measured on a Thermo Fisher Scientific
Orbitrap Q exactive mass spectrometer, equipped with a heated ESI source and a Thermo
Finnigan (Thermo Fisher Scientific) Ultimate3000 HPLC (ESI-Q exactive). Optical rotations
were measured in CHCl3 with a Krüss (Hamburg, Germany) polarimeter P8000 T80 in
thermostated (20 ◦C ± 1 ◦C) cuvettes and are given in 10−1degcm2g-1. The radiation source
used was a sodium vapor lamp (λ = 589 nm). The concentrations are given in g/100 mL.

The general procedure for Cu(I)-catalyzed azide alkyne cycloadditions (CuAAC) was
as follows: The alkyne (1.0 equiv) and azide (1.2 equiv) were dissolved in a 1:1 mixture
of t-BuOH and H2O (0.05 M) in a 1.5 mL vial. Under a gentle stream of argon, sodium
ascorbate (0.6 equiv, 1 M in H2O), and copper(II) sulfate (0.5 equiv, 1 M in H2O) were
added, the vial sealed and the typically light-brownish suspension stirred overnight at rt
(typically 16–20 h). The reaction mixture was concentrated and the residue purified by
column chromatography.

The general procedure for Sonogashira cross-coupling of terminal alkyne was as
follows: The alkyne (1.0 equiv), bis(triphenylphosphine)palladium(II) chloride (0.1 equiv),
and copper(I) iodide (0.2 equiv) were added in a 1.5 mL vial and gently purged with
argon for 5 min. Triethylamine (0.15 M) and the iodoarene (5.0 equiv) were added under a
gentle stream of argon, the vial closed and the typically white suspension stirred overnight
(typically 16–20 h) after which the reaction typically turned black. The suspension was
diluted with MeCN, filtrated through a syringe filter (0.2 μm, PTFE), the solvent removed
in vacuo, and the residue was subjected to chromatographic purification.

The general procedure for thiol-ene click reaction was as follows: The alkene (1.0
equiv) was gently purged with nitrogen and dissolved in THF abs. (0.1 M) in a 1.5 mL
vial. Thiol (2.0 equiv) and Et3B (0.3 equiv, 1 M in hexane) were subsequently added, and
the vial closed. Initiation of the reaction was performed by addition of air (0.4 mL) via a
syringe and the reaction mixture stirred overnight at rt (typically 20–26 h). The solvent was
removed and the crude product was purified by chromatography.
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4.1. Synthesis of the Polyketide Fragments
4.1.1. Synthesis of {(4R,6S,7R,9R,11S)-4-[(4S,5S)-4,5-Dicyclohexyl-1,3,2-dioxaborolan-2-yl]-6-
[(4-methoxybenzyl)oxy]-7,9,11-trimethyl-12-(trityloxy)dodec-1-yn-1-yl}trimethylsilane
(2a)

Nucleophile solution: Lithium chloride (746 mg, 17.6 mmol, 1.10 equiv) was fused
under reduced pressure. Zinc (2.09 g, 32.0 mmol, 2.0 equiv, dust) was added and the mixture
suspended in anhydrous THF (16.0 mL). 1,2-Dibromoethane (28.0 μL, 320 μmol, 0.02 equiv)
was added and briefly heated to reflux. It was cooled to rt and trimethylsilyl chloride
(102 μL, 800 μmol, 0.05 equiv) was added. The mixture was briefly heated to reflux again
and cooled to rt. (3-bromoprop-1-yn-1-yl)trimethylsilane [34] (3.06 g, 16.0 mmol, 1.0 equiv)
in anhydrous THF (16.0 mL) was added dropwise (exothermic) and stirred for 1 h dat rt. The
stirrer was stopped, and the nucleophile solution decanted. Titration of the solution1 gave
a concentration of 0.36 M (approximately 73% of theory). LDA-solution: Diisopropylamine
(1.37 mL, 9.63 mmol, 1.35 equiv) was dissolved in anhydrous THF (3.43 mL, 2.81 M) and
cooled to −40 ◦C (acetone/dry ice). n-Butyllithium (3.57 mL, 8.91 mmol, 1.25 equiv, 2.5 M in
hexane) was added dropwise, stirred for 10 min at −40 ◦C, warmed to rt and further stirred
for 20 min. Homologation: Boronic ester 1 [30] (5.60 g, 7.13 mmol, 1.0 equiv) and DCM
(1.38 mL, 21.4 mmol, 3.0 equiv) were dissolved in anhydrous THF (9.98 mL, 1.4 mL/mmol,
0.71 M) and cooled to −40 ◦C (acetone/dry ice). The previously prepared LDA solution
was slowly added at this temperature and stirred for further 10 min after complete addition.
A solution of zinc chloride (3.89 g, 28.5 mmol, 4.0 equiv) in anhydrous THF (17.1 mL,
0.6 mL/mmol, 1.67 M) was added, the reaction mixture warmed to rt and stirred for 2 h.
Isolation and substitution: The reaction mixture was worked up with saturated NH4Cl
and n-pentane. The phases were separated, and the aqueous phase extracted twice with n-
pentane. The combined organic extracts were dried over Na2SO4 and the solvent removed
under reduced pressure. The resulting residue was taken up in anhydrous THF (28.5 mL,
0.25 M), cooled to 0 ◦C and the previously (freshly) prepared nucleophile solution (21.8 mL,
7.84 mmol, 1.1 equiv) was added dropwise. It was slowly warmed to rt and stirred for 18 h.
The reaction mixture was worked up with saturated NH4Cl and n-pentane. The phases
were separated, the aqueous phase extracted twice with n-pentane and dried over Na2SO4.
The solvent removed under reduced pressure and the resulting residue was subjected to
chromatographic purification (SiO2, petroleum ether:EtOAc 98:2–95:5). Boronic ester 2a

(4.67 g, 7.13 mmol, 73%) was obtained as colorless resin. Rf (2a) = 0.22 (silica, petroleum
ether:EtOAc 95:5). [α]20

D = −33.0 (c = 1.0, CHCl3). 1H-NMR (400 MHz, CDCl3): δ = 0.13 (s, 9
H), 0.81 (d, J = 6.9 Hz, 3 H), 0.83 (d, J = 6.6 Hz, 1 H), 0.88–1.12 (m, 9 H), 1.13–1.21 (m, 6 H),
1.21–1.30 (m, 4 H), 1.35 (m, 1 H), 1.51 (m, 1 H), 1.54–1.61 (m, 5 H), 1.67 (m, 2 H), 1.71–1.81
(m, 6 H), 1.85 (m, 1 H), 1.95 (m, 1 H), 2.37 (m, 2 H), 2.83 (dd, J = 8.7, 6.9 Hz, 1 H), 2.99 (dd,
J = 8.7, 5.1 Hz, 1 H), 3.40 (m, 1 H), 3.78–2-82 (m, 5 H), 4.34 (d, J = 11.1 Hz, 1 H), 4.47 (d, J
= 11.1 Hz, 1 H), 6.84 (d, J = 8.7 Hz, 2 H), 7.20–7.26 (m, 5 H), 6.33 (m, 6 H), 7.46 (m, 6 H)
ppm. 13C-NMR (100 MHz, CDCl3): δ = 0.00, 14.2, 18.4, 19.2*, 21.1, 22.2, 25.6, 25.8, 26.2, 27.3,
27.3, 28.4, 30.0, 31.1, 31.5, 40.5, 41.3, 42.8, 55.0, 68.2, 81.1, 83.3, 84.5, 85.9, 107.3, 113.4, 126.5,
127.4, 128.5, 128.9, 131.2, 144.3, 158.7 ppm. HRMS (ESI-FTICR) calcd. for C59H85BNO5Si+

[M+NH4]+: 925.63209 found 925.63421.

4.1.2. Synthesis of (4S,5S)-4,5-Dicyclohexyl-2-{(4R,6S,7R,9R,11S)-6-[(4-methoxybenzyl)oxy]-
7,9,11-trimethyl-12-(trityloxy)dodec-1-en-4-yl}-1,3,2-dioxaborolane (2b)

LDA-solution: Diisopropylamine (800 μL, 5.61 mmol, 1.35 equiv) was dissolved in
anhydrous THF (830 μL, 6.75 M) and cooled to −40 ◦C (acetone/dry ice). n-Butyllithium
(3.24 mL, 5.19 mmol, 1.25 equiv, 1.6 M in hexane) was added dropwise, stirred for 10 min
at −40 ◦C, warmed to rt and further stirred for 20 min. Homologation: Boronic ester 1

(3.26 g, 4.15 mmol, 1.0 equiv) and DCM (802 μL, 12.5 mmol, 3.0 equiv) were dissolved in
anhydrous THF (5.81 mL, 1.4 mL/mmol, 0.71 M) and cooled to −40 ◦C (acetone/dry ice).
The previously prepared LDA solution was slowly added at this temperature and stirred
for further 10 min after complete addition. A solution of zinc chloride (2.26 g, 16.6 mmol,
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4.0 equiv) in anhydrous THF (9.97 mL, 0.6 mL/mmol, 1.67 M) was added, the reaction
mixture warmed to rt and stirred for 2 h. Substitution: The reaction mixture was cooled
to 0 ◦C (ice/water) and allylmagnesium chloride (10.4 mL, 10.4 mmol, 2.5 equiv 1.0 M in
diethyl ether) was slowly added. It was warmed to rt and stirred for 18 h. The reaction
mixture was worked up with saturated NH4Cl and n-pentane; the phases were separated
and the aqueous phase extracted twice with n-pentane. The combined organic extracts were
dried over Na2SO4 and the solvent removed under reduced pressure. The resulting residue
was chromatographed (SiO2, n-pentane:EtOAc 98:2–95:5) and boronic ester 2b (3.09 g,
3.64 mmol, 88%) obtained as colorless resin. Rf (2b) = 0.13 (silica, n-pentane:EtOAc = 97:3).
[α]20

D = −35.2 (c = 1.0, CHCl3). 1H-NMR (400 MHz, CDCl3): δ = 0.74 (d, J = 6.7 Hz, 3 H),
0.76–0.81 (m, J = 6.5 Hz, 4 H), 0.83–1.04 (m, J = 6.6 Hz, 8 H), 1.06–1.23 (m, 9 Hb), 1.32 (ddd,
J = 13.1, 7.5, 6.0 Hz, 1 H), 1.37–1.58 (m, 6 H), 1.64 (m, 2 H), 1.67–1.84 (m, 7 H), 1.90 (m, 1 H),
2.14 (ddddd, J = 13.8, 6.8, 6.8, 1.6, 1.6 Hz, 1 H), 2.19 (ddddd, J= 13.8, 6.8, 6.8, 1.6, 1.6 Hz, 1 H),
2.79 (dd, J = 8.6, 6.8 Hz, 1 H), 2.95 (dd, J = 8.7, 5.0 Hz, 1 H), 3.27 (m, 1 H), 3.74 (m, 2 H), 3.76
(s, 3 H), 4.29 (d, J = 11.2 Hz, 1 H), 4.43 (d, J = 11.1 Hz, 1 H), 4.90 (ddt, J = 10.1, 1.6, 1.6 Hz,
1 H), 4.97 (ddt, J = 17.0, 1.6, 1.6 Hz, 1 H), 5.78 (dddd, J = 17.0, 10.1, 6.9, 6.9 Hz, 1 H), 6.81 (d,
J = 8.6 Hz, 2 H), 7.16–7.22 (m, 5 H), 7.26 (m, 6 H), 7.43 (m, 6 H) ppm. 13C-NMR (100 MHz,
CDCl3): δ = 14.1, 18.8, 19.3*, 21.4, 25.9, 26.0, 26.5, 27.7, 27.7, 28.6, 30.7, 31.4, 31.7, 36.7, 41.1,
41.4, 43.1, 55.2, 68.3, 70.8, 81.8, 83.5, 86.1, 113.6, 114.9, 126.8, 127.6, 128.7, 129.4, 131.3, 138.7,
144.5, 158.9 ppm. HRMS (ESI-Q exactive) calcd. for C56H76BO5

+ [M+H]+: 838.5702 found
838.5651.

4.1.3. Synthesis of (4R,6S,7R,9R,11S)-6-[(4-Methoxybenzyl)oxy]-7,9,11-trimethyl-1-
(trimethylsilyl)-12-(trityloxy)dodec-1-yn-4-ol (3a)

Boronic ester 2a (4.70 g, 5.18 mmol, 1.0 equiv) was dissolved in THF (10.3 mL, 0.5 M)
and cooled to 0 ◦C. Hydrogen peroxide (2.40 mL, 25.8 mmol, 5.0 equiv, 33% in H2O)
and sodium hydroxide (1.03 g, 25.8 mmol, 5.0 equiv) dissolved in H2O (10.3 mL, 2.5 M)
were added. The reaction mixture was warmed to rt and stirred for 60 min. Saturated
NaCl solution was added, and the mixture extracted thrice with diethyl ether. The com-
bined organic extracts were dried over Na2SO4 and the solvent removed under reduced
pressure. The residue was chromatographed (SiO2, petroleum ether:EtOAc 95:5–7:3)
and 3a (3.30 g, 4.63 mmol, 90%) obtained as colorless resin. In another fraction, (S,S)-
Dicyclohexylethanediol (753 mg, 3.33 mmol, 64%) was obtained as colorless needles. Rf

(3a) = 0.59 (silica, n-pentane:EtOAc 8:2). [α]20
D = −19.0 (c = 1.0, CHCl3). 1H-NMR (400 MHz,

CDCl3): δ = 0.15 (s, 9 H), 0.79 (d, J = 6.5 Hz, 1 H), 0.84 (d, J = 6.5 Hz, 3 H), 0.88–0.95 (m, 2 H),
1.00 (d, J = 6.5 Hz, 3 H), 1.23 (m, 1 H), 1.37 (m, 1 H), 1.45 (m, 1 H), 1.56 (m, 1 H), 1.67 (m,
1 H), 1.84 (m, 1 H), 1.99 (m, 1 H), 2.39 (m, 2 H), 2.66 (d, J = 4.2 Hz, 1 H), 2.82 (dd, J = 8.7,
6.6 Hz, 1 H), 2.99 (dd, J = 8.7, 5.0 Hz, 1 H), 3.55 (m, 1 H), 3.79 (s, 3 H), 3.95 (m, 1 H), 4.36
(d, J = 11.0 Hz, 1 H), 4.49 (d, J = 11.0 Hz, 1 H), 6.85 (d, J = 8.7 Hz, 2 H), 7.20–7.25 (m, 5 H),
7.29 (m, 6 H), 7.45 (m, 6 H) ppm. 13C-NMR (100 MHz, CDCl3): δ = 0.1, 14.4, 18.9, 21.2, 27.9,
28.8, 31.4, 31.5, 34.4, 41.3, 41.5, 55.3 (q, C-13), 67.4, 68.3, 70.8, 79.5, 86.2, 87.1, 103.6, 113.8,
126.8, 127.6, 128.8, 129.5, 130.6, 144.5, 159.2 ppm. HRMS (CI) calcd. for C45H59O4Si+ [M]+:
691.4177 found 691.4205.

4.1.4. Synthesis of (4R,6S,7R,9R,11S)-6-[(4-Methoxybenzyl)oxy]-7,9,11-trimethyl-12-
(trityloxy)dodec-1-en-4-ol (3b)

Boronic ester 2b (3.00 g, 3.54 mmol, 1.0 equiv) was dissolved in THF (7.07 mL, 0.5 M)
and cooled to 0 ◦C. Hydrogen peroxide (1.64 mL, 17.7 mmol, 5.0 equiv, 33% in H2O) and
sodium hydroxide (707 mg, 17.7 mmol, 5.0 equiv) dissolved in H2O (7.07 mL, 2.5 M) were
added. The reaction mixture was warmed to rt and stirred for 45 min. Saturated NaCl
solution was added, and the mixture extracted thrice with diethyl ether. The combined
organic extracts were dried over Na2SO4 and the solvent removed under reduced pressure.
The residue was chromatographed (SiO2, n-pentane:EtOAc 9:1–8:2) and 3b (1.87 g, 43.0

82



Mar. Drugs 2024, 22, 165

mmol, 85%) obtained as colorless resin. Rf (3b) = 0.50 (silica, n-pentane:EtOAc 8:2). [α]20
D =

−25.2 (c = 1.0, CHCl3). 1H-NMR (400 MHz, CDCl3): δ = 0.79 (d, J = 6.7 Hz, 3 H), 0.81–0.91
(m, J = 6.5 Hz, 5 H), 0.99 (d, J = 6.7 Hz, 3 H), 1.20 (ddd, J = 13.5, 6.5, 6.5 Hz, 1 H), 1.32–1.47
(m, 3 H), 1.59 (ddd, J = 14.4, 9.5, 2.3 Hz, 1 H), 1.82 (m, 1 H), 2.00 (m, 1 H), 2.19 (m, 2 H), 2.29
(d, J = 4.5 Hz, 1 H), 2.82 (dd, J = 8.7, 6.7 Hz, 1 H), 2.98 (dd, J = 8.7, 5.1 Hz, 1 H), 3.55 (ddd,
J = 9.4, 4.6, 2.3 Hz, 1 H), 3.79 (s, 3 H), 3.85 (m, 1 H), 4.36 (d, J = 11.1 Hz, 1 H), 4.51 (d, J = 11.1
Hz, 1 H), 5.05–5.13 (m, 2 H), 5.80 (ddt, J = 17.4, 9.8, 7.2 Hz, 1 H), 6.86 (d, J = 8.7 Hz, 2 H),
7.18–7.25 (m, 5 H), 7.29 (m, 6 H), 7.45 (m, 6 H) ppm. 13C-NMR (100 MHz, CDCl3): δ = 14.5,
18.8, 21.1, 27.8, 31.3, 31.4, 35.0, 41.1, 41.6, 42.2, 55.3 (q, C-12), 67.9, 68.3, 70.4, 78.9, 86.1, 113.8,
117.6, 126.8, 127.6, 128.7, 129.5, 130.6, 135.1, 144.5, 159.2 ppm. HRMS (ESI-Q exactive) calcd.
for C42H52O4K+ [M+K]+: 659.3497 found 659.3500.

4.2. Syntheses of the Doliculide Core Structure
4.2.1. Synthesis of (4R,6S,7R,9R,11S)-6-[(4-Methoxybenzyl)oxy]-7,9,11-trimethyl-1-
(trimethylsilyl)-12-(trityloxy)dodec-1-yn-4-yl (R)-3-[4-(allyloxy)-3-iodophenyl]-2-
[(tert-butoxycarbonyl)(methyl)amino]propanoate (5a)

Carboxylic acid 4[30] (4.23 g, 9.18 mmol, 2.0 equiv) and alcohol 3a (3.27 g, 4.59 mmol,
1.0 equiv) were dissolved in anhydrous DCM (92.0 mL, 0.05 M) and cooled to −20 ◦C.
DMAP (196 mg, 1.61 mmol, 0.35 equiv), EDC·HCl (1.76 g, 9.18 mmol, 2.0 equiv) and
collidine (1.22 mL, 9.18 mmol, 2.0 equiv) were added and the reaction mixture stirred at
−20 ◦C (acetone/cryostat) for 21 h. The reaction mixture was worked up with EtOAc and 1
M KHSO4. The organic phase was washed with saturated NaHCO3 and brine. The organic
extract was dried over Na2SO4 and the solvent removed under reduced pressure. The
residue was chromatographed (SiO2, petroleum ether:EtOAc 9:1–8:2) and ester 5a (4.88 g,
4.30 mmol, 94%) obtained as colorless resin. Rf (5a) = 0.44 (silica, petroleum ether: EtOAc
8:2). [α]20

D = −13.1 (c = 1.0, CHCl3). 1H-NMR (500 MHz, 373 K, DMSO-D6): δ = 0.13 (s, 9 H),
0.79 (d, J = 6.6 Hz, 3 H), 0.82 (d, J = 6.6 Hz, 3 H), 0.87–0.92 (m, 2 H), 1.18 (m, 1 H), 1.32 (s,
9 H), 1.37 (m, 1 H), 1.44 (m, 1 H), 1.70–1.78 (m, 3 H), 1.93 (m, 1 H), 2.56 (m, 2 H), 2.68 (s,
3 H), 2.85 (dd, J = 8.9, 6.6 Hz, 1 H), 2.91 (m, 1 H), 2.98 (dd, J = 8.9, 5.0 Hz, 1 H), 3.10 (dd,
J = 14.4, 5.0 Hz, 1 H), 3.30 (m, 1 H), 3.75 (s, 3 H), 4.24 (d, J = 11.0 Hz, 1 H), 4.40 (d, J = 11.0
Hz, 1 H), 4.57 (m, 2 H), 4.69 (dd, J = 10.4, 5.0 Hz, 1 H), 5.08 (m, 1 H), 5.25 (dd, J = 1.6, 10.7
Hz, 1 H), 5.46 (dd, J = 1.6, 17.3 Hz, 1 H), 6.03 (ddt, J = 17.3, 10.7, 5.0 Hz, 1 H), 6.85–6.90 (m,
3 H), 7.14 (dd, J = 8.2, 2.2 Hz, 1 H), 7.17–7.26 (m, 5 H), 7.30 (m, 6 H), 7.39 (m, 6 H), 7.61 (d,
J = 2.2 Hz, 1 H) ppm. 13C-NMR (125 MHz, 373 K, DMSO-D6): δ = −0.6, 13.8, 17.9, 20.5,
24.8, 27.5, 27.5, 30.7, 31.2, 31.2, 32.6, 32.7, 40.1, 40.8, 54.7, 59.6, 67.7, 69.1, 69.5, 69.8, 77.4,
78.7, 85.5, 86.0, 86.5, 102.4, 112.7, 113.3, 116.5, 126.3, 127.1, 127.8, 128.4, 129.5, 130.5, 131.7,
132.7, 138.7, 143.7, 154.0, 155.2, 158.4, 169.2 ppm. HRMS (ESI-ToF) calcd. for C44H67INO8Si+

[M–Trt+H]+: 892.3675 found 892.3674.

4.2.2. Synthesis of (4R,6S,7R,9R,11S)-6-[(4-Methoxybenzyl)oxy]-7,9,11-trimethyl-12-
(trityloxy)dodec-1-en-4-yl (R)-3-[4-(allyloxy)-3-iodophenyl]-2-
[(tert-butoxycarbonyl)(methyl)amino]propanoate (5b)

Carboxylic acid 4 (2.49 g, 5.39 mmol, 2.0 equiv) and alcohol 3b (1.67 g, 2.69 mmol, 1.0
equiv) were dissolved in anhydrous DCM (53.9 mL, 0.05 M) and cooled to -20 ◦C. DMAP
(115 mg, 943 μmol, 0.35 equiv), EDC·HCl (1.03 g, 5.39 mmol, 2.0 equiv) and collidine
(718 μL, 5.39 mmol, 2.0 equiv) were added and the reaction mixture stirred at -20 ◦C
(acetone/cryostat) for 18 h. The reaction mixture was worked up with EtOAc and 1 M
KHSO4. The organic phase was washed with saturated NaHCO3 and brine. The organic
extract was dried over Na2SO4 and the solvent removed under reduced pressure. The
residue was chromatographed (SiO2, petroleum ether:EtOAc 9:1–8:2) and ester 5b (2.41 g,
2.27 mmol, 84%) obtained as colorless resin. Rf (5b) = 0.35 (silica, n-pentane:EtOAc 8:2).
[α]20

D = –8.0 (c = 1.0, CHCl3). 1H-NMR (500 MHz, 373 K, DMSO-D6): δ = 0.77 (d, J = 6.7
Hz, 3 H), 0.82 (d, J = 6.4 Hz, 3 H), 0.83–0.91 (m, 2 H), 0.93 (d, 3 H), 1.16 (m, 1 H), 1.30–1.36
(m, 10 H), 1.42 (m, 1 H), 1.58 (m, 2 H), 1.73 (m, 1 H), 1.91 (m, 1 H), 2.33 (m, 2 H), 2.65 (s, 3
H), 2.85 (dd, J = 9.0, 6.4 Hz, 1 H), 2.90 (dd, J = 14.3, 10.0 Hz, 1 H), 2.97 (dd, J = 9.0, 5.3 Hz,
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1 H), 3.08 (dd, J = 14.3, 5.3 Hz, 1 H), 3.27 (ddd, J = 8.1, 8.1, 3.8 Hz, 1 H), 3.75 (s, 3 H), 4.24
(d, J = 11.1 Hz, 1H), 4.38 (d, J = 11.1 Hz, 1 H), 4.57 (ddd, J = 5.0, 1.6, 1.8 Hz, 2 H), 4.65 (dd,
J = 10.0, 5.3 Hz, 1 H), 5.02–5.13 (m, 3 H), 5.25 (ddt, J = 10.4, 1.6, 1.6 Hz, 1 H), 5.45 (ddt,
J = 17.2, 1.8, 1.6 Hz, 1 H), 5.73 (ddt, J = 17.1, 10.2, 7.0 Hz, 1 H), 6.02 (ddt, J = 17.3, 10.4, 5.1
Hz, 1 H), 6.84–6.90 (m, 3 H), 7.14 (dd, J = 8.4, 2.1 Hz, 1 H), 7.19 (d, J = 8.5 Hz, 2 H), 7.23 (tt,
J = 7.3, 1.2 Hz, 3 H), 7.30 (m, 6 H), 7.40 (m, 6 H), 7.80 (d, J = 2.0 Hz, 1 H) ppm. 13C-NMR
(125 MHz, 373 K, DMSO-D6): δ = 13.8, 17.9, 20.5, 27.5, 27.5, 30.7, 31.1, 31.1, 32.6, 33.2, 38.1,
40.0, 40.8, 54.7, 59.6, 67.8, 69.1, 69.9, 71.2, 77.7, 78.7, 85.5, 86.0, 112.7, 113.3, 116.6, 117.0, 126.3,
127.1, 127.8, 128.4, 129.5, 130.5, 131.8, 132.7, 133.0, 138.6, 143.7, 154.0, 155.2, 158.4, 169.3 ppm.
HRMS (ESI-Q exactive) calcd. for C60H74INO8Na+ [M+Na]+: 1086.4351 found 1086.4358.

4.2.3. Synthesis of (4R,6S,7R,9R,11S)-12-Hydroxy-6-[(4-methoxybenzyl)oxy]-7,9,11-
trimethyl-1-(trimethylsilyl)dodec-1-yn-4-yl (R)-3-[4-(allyloxy)-3-iodophenyl]-2-
[(tert-butoxycarbonyl)(methyl)amino]propanoate (5a-1)

Trityl ether 5a (2.52 g, 2.22 mmol, 1.0 equiv) was dissolved in MeOH (44.4 mL, 0.05 M).
Amberlyst 15 (2.52 g, 100 m%) was added at rt and gently stirred for 20 h. EtOAc was added
and the solid Amberlyst 15 was removed by filtration and stirred in ethyl acetate for 1 h.
Amberlyst was again removed by filtration and both organic phases combined and washed
with H2O. The aqueous phase was extracted with ethyl acetate and the combined organic
extracts were dried over Na2SO4. After removal of the solvent under reduced pressure,
the residue was subjected to chromatographic purification (silica, n-pentane:EtOAc 7:3)
and alcohol 5a-1 (1.69 g, 1.90 mmol, 85%) obtained as colorless resin. Rf (5a-1) = 0.33
(silica, n-pentane:EtOAc 7:3). [α]20

D = −16.6 (c = 0.5, CHCl3). 1H-NMR (500 MHz, 373 K,
DMSO-D6): δ = 0.14 (s, 9 H), 0.83 (ddd, J = 13.8, 7.2, 7.2 Hz, 1 H), 0.85 (d, J = 6.6 Hz, 3 H),
0.86 (d, J = 6.9 Hz, 3 H), 0.89 (d, J = 6.6 Hz, 3 H), 0.94 (ddd, J = 13.8, 7.2, 7.2 Hz, 1 H), 1.23
(ddd, J = 13.8, 6.4, 6.4 Hz, 1 H), 1.30–1.37 (m, 10 H), 1.53–1.63 (m, 2 H), 1.71–1.77 (m, 2 H),
2.02 (m, 1 H), 2.54–2.60 (m, 2 H), 2.68 (s, 3 H), 2.91 (dd, J = 14.4, 10.4 Hz, 1 H), 3.11 (dd,
J = 14.4, 5.0 Hz, 1 H), 3.16 (dd, J = 10.4, 6.6 Hz, 1 H), 3.30 (dd, J = 10.2, 5.2 Hz, 1 H), 3.33
(m, 1 H), 3.76 (s, 3 H), 4.27 (d, J = 11.3 Hz, 1 H), 4.44 (d, J = 11.3 Hz, 1 H), 4.58 (dt, J = 5.0,
1.6, 1.6 Hz, 2 H), 4.70 (dd, J = 10.4, 5.0 Hz, 1 H), 5.09 (m, 1 H), 5.26 (ddt, J = 10.6, 1.6, 1.6
Hz, 1 H), 5.46 (ddt, J = 17.3, 1.8, 1.8 Hz, 1 H), 6.03 (ddt, J = 17.3, 10.6, 4.9 Hz, 1 H), 6.87–6.92
(m, 3 H), 7.16 (dd, J = 8.5 Hz, J = 2.2 Hz, 1 H), 7.23 (m, 2 H), 7.61 (d, J = 2.2 Hz, 1 H) ppm.
13C-NMR (125 MHz, 373 K, DMSO-D6): δ = −0.5, 13.9, 17.4, 20.6, 24.9, 27.3, 27.5, 31.0, 31.0,
32.6, 32.6, 32.6, 40.2, 40.7, 54.6, 59.6, 66.0, 69.1, 59.6, 69.8, 77.2, 78.8, 86.0, 86.5, 102.5, 112.7,
113.3, 116.6, 128.5, 129.6, 130.5, 131.7, 132.8, 138.7, 155.2, 155.2, 158.4, 169.3 ppm. HRMS
(ESI-ToF) calcd. for C44H67INO8Si+ [M+H]+: 892.3675 found 892.3660.

4.2.4. Synthesis of (4R,6S,7R,9R,11S)-12-Hydroxy-6-[(4-methoxybenzyl)oxy]
-7,9,11-trimethyldodec-1-en-4-yl (R)-3-[4-(allyloxy)-3-iodophenyl]-2-
[(tert-butoxycarbonyl)(methyl)amino]propanoate (5b-1)

Trityl ether 5b (2.32 g, 2.18 mmol, 1.0 equiv) was dissolved in MeOH (43.7 mL, 0.05 M).
Amberlyst 15 (2.32 g, 100 m%) was added at rt and gently stirred for 20 h. EtOAc was added
and the solid Amberlyst 15 was removed by filtration and stirred in ethyl acetate for 1 h.
Amberlyst was again removed by filtration and both organic phases combined and washed
with H2O. The aqueous phase was extracted with ethyl acetate and the combined organic
extracts were dried over Na2SO4. After removal of the solvent under reduced pressure,
the residue was subjected to chromatographic purification (silica, n-pentane:EtOAc 7:3)
and alcohol 5b-1 (1.61 g, 1.94 mmol, 89%) obtained as colorless resin. Rf (5b-1) = 0.33
(silica, n-pentane:EtOAc 7:3). [α]20

D = −11.6 (c = 1.0, CHCl3). 1H-NMR (500 MHz, 373 K,
DMSO-D6): δ = 0.80–0.85 (m, J = 7.0 Hz, 4 H), 0.86 (d, J = 6.7 Hz, 3 H), 0.89 (d, J = 6.6 Hz,
3 H), 0.94 (m, 1 H), 1.23 (m, 1 H), 1.31–1-38 (m, 10 H), 1.52–1.64 (m, 4 H), 1.99 (m, 1 H), 2.35
(m, 2 H), 2.66 (s, 3 H), 2.92 (dd, J = 14.3, 10.3 Hz, 1 H), 3.10 (dd, J = 14.3, 5.3 Hz, 1 H), 3.17
(dd, J = 10.2, 6.6 Hz, 1 H), 3.30 (m, J = 10.2, 5.2 Hz, 2 H), 3.77 (s, 3 H), 4.27 (d, J = 11.1 Hz,
1 H), 2.42 (d, J = 11.1 Hz, 1 H), 4.58 (ddd, J = 4.9, 1.7, 1.5 Hz, 2 H), 4.67 (dd, J = 10.3, 5.3 Hz,
1 H), 5.02–5.13 (m, 3 H), 5.26 (ddt, J = 10.7, 1.5, 1.5 Hz, 1 H), 5.45 (ddt, J = 17.3, 1.7, 1.5 Hz, 1
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H), 5.75 (ddt, J = 17.1, 10.2, 7.0 Hz, 1 H), 6.03 (ddt, J = 17.2, 10.5, 5.1 Hz, 1 H), 6.87–6.93 (m,
3 H), 7.17 (dd, J = 8.4, 2.0 Hz, 1 H), 7.23 (d, J = 8.5 Hz, 2 H), 7.62 (d, J = 8.5 Hz, 1 H) ppm.
13C-NMR (125 MHz, 373 K, DMSO-D6): δ = 13.9, 17.2, 20.5, 27.3, 27.5, 31.0, 32.0, 32.5, 32.6,
33.0, 38.1, 40.1, 40.7, 54.7, 59.7, 66.0, 69.1, 69.9, 71.2, 77.4, 78.8, 86.0, 112.7, 113.3, 116.6, 117.0,
128.5, 129.5, 130.6, 131.8, 132.8, 133.0, 138.7, 154.1, 155.2, 158.4, 169.3 ppm. HRMS (ESI-ToF)
calcd. for C41H61INO8

+ [M+H]+: 822.3436 found 822.3410.

4.2.5. Synthesis of (2S,4S,6R,7S,9R)-9-({(R)-3-[4-(Allyloxy)-3-iodophenyl]-2-[(tert-
butoxycarbonyl)(methyl)amino]propanoyl}oxy)-7-[(4-methoxybenzyl)oxy]-2,4,6-
trimethyl-12-(trimethylsilyl)dodec-11-ynoic Acid (6a)

Alcohol 5a-1 (3.18 g, 3.57 mmol, 1.0 equiv) was dissolved in acetone (35.7 mL, 0.1 M)
and cooled to 0 ◦C. Jones reagent (2.97 mL, 8.91 mmol, 3 M in 16% H2SO4, 2.5 equiv) were
added and the mixture stirred for 45 min at this temperature. The reaction mixture was
quenched with i-PrOH and concentrated under reduced pressure. The residue was diluted
with H2O and EtOAc, the phases were separated and the aqueous phase extracted twice
with EtOAc. The combined organic extracts were washed with brine, dried over Na2SO4.
After removal of the solvent under reduced pressure, the residue chromatographically
purified (silica, n-pentane:EtOAc 9:1–7:3) and acid 6a (2.47 g, 2.72 mmol, 76%) obtained
as colorless resin. Rf (6a) = 0.33 (silica, n-pentane:EtOAc 7:3). [α]20

D = 0.6 (c = 0.5, CHCl3).
1H-NMR (500 MHz, 373 K, DMSO-D6): δ = 0.14 (s, 9 H), 0.85 (d, J = 6.7 Hz, 3 H), 0.90 (d,
J = 6.6 Hz, 3 H), 0.95–1.05 (m, 2 H), 1.08 (d, J = 7.0 Hz, 3 H), 1.20 (ddd, J = 13.4, 8.0, 5.0 Hz,
1 H), 1.33 (s, 9 H), 1.54 (m, 1 H), 1.70 (ddd, J = 13.5, 9.0, 4.7 Hz, 1 H), 1.75 (m, 2 H), 1.98
(m, 1 H), 2.41 (ddq, J = 9.0, 7.1, 4.8 Hz, 1 H), 2.57 (m, 2 H), 2.69 (s, 3 H), 2.92 (dd, J = 14.4,
10.8 Hz, 1 H), 3.12 (dd, J = 14.4, 5.2 Hz, 1 H), 3.30 (ddd, J = 8.0, 4.0, 4.0 Hz, 1 H), 3.77 (s,
3 H), 4.29 (d, J = 11.1 Hz, 1 H), 4.44 (d, J = 11.1 Hz, 1 H), 4.59 (ddd, J = 5.0, 1.7, 1.5 Hz, 2
H), 4.71 (dd, J = 10.5, 5.2 Hz, 1 H), 5.08 (m, 1 H), 5.26 (ddt, J = 10.7, 1.5, 1.5 Hz, 1 H), 5.45
(ddt, J = 17.3, 1.7, 1.5 Hz, 1 H), 6.03 (ddt, J = 17.2, 10.5, 5.0 Hz, 1 H), 6.86–6.93 (m, 3 H), 7.16
(dd, J = 8.4, 2.0 Hz, 1 H), 7.23 (d, J = 8.5 Hz, 2 H), 7.62 (d, J = 2.0 Hz, 1 H). 13C-NMR (125
MHz, 373 K, DMSO-D6): δ = –0.46, 13.7, 17.6, 20.1, 25.0, 27.6, 28.1, 31.4, 31.4, 32.8, 33.0, 36.5,
40.2, 40.4, 54.9, 59.7, 69.3, 69.8, 70.0, 77.8, 79.0, 86.1, 86.7, 102.6, 112.9, 113.5, 116.8, 128.6,
129.7, 130.6, 131.9, 132.9, 138.8, 154.4, 155.4, 158.6, 169.5, 176.9. HRMS (ESI-ToF) calcd. for
C44H65INO9Si+ [M+H]+: 906.3468 found 906.3487.

4.2.6. Synthesis of (2S,4S,6R,7S,9R)-9-({(R)-3-[4-(Allyloxy)-3-iodophenyl]-2-[(tert-
butoxycarbonyl)(methyl)amino]propanoyl}oxy)-7-[(4-methoxybenzyl)oxy]-2,4,6-
trimethyldodec-11-enoic Acid (6b)

Alcohol 5b-1 (1.51 g, 1.82 mmol, 1.0 equiv) was dissolved in acetone (18.2 mL, 0.1 M)
and cooled to 0 ◦C. Jones reagent (1.51 mL, 4.54 mmol, 3 M in 16% H2SO4, 2.5 equiv)
were added and the mixture stirred for 45 min at this temperature. The reaction mixture
was quenched with i-PrOH and concentrated under reduced pressure. The residue was
diluted with H2O and EtOAc, the phases were separated, and the aqueous phase was
extracted twice with EtOAc. The combined organic extracts were washed with brine, dried
over Na2SO4. After removal of the solvent under reduced pressure, the residue chromato-
graphically purified (silica, n-pentane:EtOAc 9:1–7:3) and acid 6b (1.23 g, 1.46 mmol, 80%)
obtained as colorless resin. Rf (6b) = 0.27 (silica, n-pentane:EtOAc 8:2). [α]20

D = –4.2 (c = 1.0,
CHCl3). 1H-NMR (500 MHz, 373 K, DMSO-D6): δ = 0.83 (d, J = 6.9 Hz, 3 H), 0.90 (d, J = 6.6
Hz, 3 H), 0.97 (ddd, J = 13.5, 8.4, 6.1 Hz, 1 H), 1.02 (ddd, J = 13.7, 8.4, 5.3 Hz, 1 H), 1.08 (d,
J = 6.9 Hz, 3 H), 1.19 (ddd, J = 13.5, 7.7, 5.3 Hz, 1 H), 1.35 (s, 9 H), 1.52 (m, 1 H), 1.61 (m, 2
H), 1.68 (ddd, J = 13.7, 8.9, 4.8 Hz, 1 H), 1.97 (m, 1 H), 2.28–2.38 ( (m, 2 H), 2.42 (ddq, J = 8.9,
6.9, 5.3 Hz, 1 H), 2.66 (s, 9 H), 2.92 (dd, J = 14.5, 10.1 Hz, 1 H), 3.11 (dd, J = 14.5, 5.5 Hz, 1 H),
3.28 (m, 1 H), 3.77 (s, 3 H), 4.27 (d, J = 11.1 Hz, 1 H), 4.42 (d, J = 11.1 Hz, 1 H), 4.59 (ddd,
J = 4.9, 1.6, 1.6 Hz, 2 H), 4.68 (dd, J = 10.1, 5.4 Hz, 1 H), 5.03–5.13 (m, 3 H), 5.26 (ddt, J =
10.6, 1.6, 1.6 Hz, 1 H), 5.45 (ddt, J = 17.2, 1.6, 1.6 Hz, 1 H), 5.75 (ddt, J = 17.1, 10.2, 7.0 Hz,
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1 H), 6.03 (ddt, J = 17.2, 10.5 Hz, J = 4.9 Hz, 1 H), 6.86–6.94 (m, 3 H), 7.17 (dd, J = 8.4, 2.0
Hz, 1 H), 7.23 (d, J = 8.5 Hz, 1 H), 7.63 (d, J = 2.0 Hz, 1 H) ppm. 13C-NMR (125 MHz, 373
K, DMSO-D6): δ = 13.7, 17.4, 20.0, 27.5, 27.9, 31.2, 31.2, 32.6, 33.4, 36.4, 38.1, 39.9, 40.3, 54.7,
59.6, 69.1, 70.0, 71.2, 77.9, 78.9, 86.0, 112.7, 113.3, 116.6, 117.0, 128.5, 129.5, 130.6, 131.8, 132.8,
133.1, 138.7, 154.1, 155.2, 158.4, 169.3, 176.7 ppm. HRMS (ESI-ToF) calcd. for C41H59INO9

+

[M+H]+: 836.3229 found 836.3228.

4.2.7. Synthesis of (4R,6S,7R,9S,11S)-12-{[2-(tert-Butoxy)-2-oxoethyl]amino}-6-[(4-
methoxybenzyl)oxy]-7,9,11-trimethyl-12-oxo-1-(trimethylsilyl)dodec-1-yn-4-yl
(R)-3-[4-(allyloxy)-3-iodophenyl]-2-[(tert-butoxycarbonyl)(methyl)amino]propanoate (7a)

Acid 6a (2.42 g, 2.67 mmol, 1.0 equiv) and tert-butyl glycinate hydrochloride (595 mg,
3.55 mmol, 1.33 equiv) were dissolved in anhydrous DMF (13.3 mL, 0.2 M). NEt3 (930 μL,
6.67 mmol, 0.726 gml−1, 2.5 equiv) and diethyl cyanophosphonate (DCNP) (1.03 mL, 6.14
mmol, 1.075 gml−1, 2.3 equiv) were added at 0 ◦C. After 1 h, brine and diethyl ether were
added and the aqueous phase extracted twice with diethyl ether. The combined organic
extracts were dried over Na2SO4 and the solvent removed under reduced pressure. After
chromatographic purification (silica, n-pentane:EtOAc 8:2–7:3), amide 7a (2.57 g, 2.52 mmol,
95%) was obtained as colorless resin. Rf (7a) = 0.33 (silica, n-pentane:EtOAc 7:3). [α]20

D =
−9.9 (c = 1.0, CHCl3). Major rotamer: 1H-NMR (500 MHz, CDCl3): δ = 0.14 (s, 9 H), 0.84 (m,
3 H), 0.90 (d, J = 6.3 Hz, 3 H), 0.99 (m, 2 H), 1.10 (m, 1 H), 1.38 (s, 9 H), 1.43–1.52 (m, 10 H),
1.65–1.85 (m, 3 H), 2.03 (m, 1 H), 2.38 (m, 1 H), 2.55 (m, 2 H), 2.68 (s, 3 H), 2.87 (dd, J = 14.2,
10.5 Hz, 1 H), 3.08–3.28 (m, 2 H), 3.79 (s, 3 H), 3.91 (m, 2 H), 4.23 (m, 1 H), 4.41–4.55 (m, 3
H), 4.73 (dd, J = 10.5, 5.4 Hz, 1 H), 5.19 (m, 1 H), 5.28 (m, 1 H), 5.47 (m, 1 H), 5.95–5.92 (m, 2
H), 6.78 (d, J = 8.5 Hz, 1 H), 6.87 (m, 2 H), 7.12 (d, J = 7.9 Hz, 1 H), 7.26 (m, 2 H), 7.60 (s, 1 H)
ppm. 13C-NMR (125 MHz, CDCl3): δ = 0.0, 14.0, 19.0, 21.1, 25.9, 28.0, 28.3, 41.7, 32.3, 33.5,
33.5, 33.9, 39.0, 41.0, 41.0, 41.9, 55.3, 59.9, 69.9, 70.7, 71.0, 78.6, 79.9, 82.0, 86.5, 87.2, 102.4,
112.5, 113.8, 117.5, 129.5, 129.9, 131.0, 132.0, 132.7, 139.8, 155.6, 156.0, 159.2, 169.2, 170.3,
176.4 (C-1) ppm. Minor rotamer: (selected signals) 1H-NMR (500 MHz, CDCl3): δ = 1.31
(s, 9 H), 2.74 (s, 3 H), 3.79 (s, 3 H), 7.03 (d, J = 7.9 Hz, 1 H), 7.61 (s, 1 H) ppm. 13C-NMR
(125 MHz, CDCl3): δ = 13.8, 28.5, 31.2, 60.6, 70.4, 80.2, 86.5, 87.6, 130.8, 139.8, 154.9, 156.1,
170.2, 176.3 ppm. HRMS (ESI-ToF) calcd. for C50H75IN2O10Si+ [M+H]+: 1019.4308 found
1019.4310.

4.2.8. Synthesis of (4R,6S,7R,9S,11S)-12-{[2-(tert-Butoxy)-2-oxoethyl]amino}-6-[(4-
methoxybenzyl)oxy]-7,9,11-trimethyl-12-oxododec-1-en-4-yl
(R)-3-[4-(allyloxy)-3-iodophenyl]-2-[(tert-butoxycarbonyl)(methyl)amino]propanoate (7b)

Acid 6b (1.19 g, 1.31 mmol, 1.0 equiv) and tert-butyl glycinate hydrochloride (293 mg,
1.75 mmol, 1.33 equiv) were dissolved in anhydrous DMF (6.56 mL, 0.2 M). NEt3 (457 μL,
3.28 mmol, 0.726 gml−1, 2.5 equiv) and diethyl cyanophosphonate (DCNP) (509 μL, 1.06
mmol, 1.075 gml−1, 2.3 equiv) were added at 0 ◦C. After 2 h, brine and diethyl ether were
added and the aqueous phase extracted twice with diethyl ether. The combined organic
extracts were dried over Na2SO4 and the solvent removed under reduced pressure. After
chromatographic purification (silica, n-pentane:EtOAc 8:2), amide 7b (1.01 g, 1.06 mmol,
81%) was obtained as colorless resin. Rf (7b) = 0.43 (silica, n-pentane:EtOAc 7:3). [α]20

D =
–4.2 (c = 1.0, CHCl3). 1H-NMR (500 MHz, 373 K, DMSO-D6): δ = 0.82 (d, J = 6.7 Hz, 3 H),
0.90 (d, J = 6.6 Hz, 3 H), 0.91–0.98 (m, 2 H), 1.04 (d, J = 6.9 Hz, 3 H), 1.16 (ddd, J = 13.4, 8.0,
5.0 Hz, 1 H), 1.35 (s, 9 H), 1.42 (s, 9 H), 1.48 (m, 1 H), 1.61 (m, 2 H), 1.71 (ddd, J = 13.5, 9.3,
4.3 Hz, 1 H), 1.97 (m, 1 H), 2.34 (m, 2 H), 2.43 (ddq, J = 9.3, 6.9, 5.0 Hz, 1 H), 2.67 (s, 3 H),
2.92 (dd, J = 14.3, 10.5 Hz, 1 H), 3.11 (dd, J = 14.3, 5.5 Hz, 1 H), 3.27 (m, 1 H), 3.67 (dd, J =
17.1, 6.0 Hz, 1 H), 3.72 (dd, J = 17.1, 6.0 Hz, 1 H), 3.77 (s, 3 H), 4.27 (d, J = 11.1 Hz, 1 H),
4.43 (d, = 11.1 Hz, 1 H), 4.58 (ddd, J = 4.9, 1.6, 1.6 Hz, 2 H), 4.69 (dd, J = 10.5, 5.5 Hz, 1 H),
5.02–5.13 (m, 3 H), 5.26 (ddt, J = 10.6, 1.6, 1.6 Hz, 1 H), 5.45 (ddt, J = 17.3, 1.8, 1.6 Hz, 1 H),
5.75 (ddt, J = 17.1, 10.2, 7.0 Hz, 1 H), 6.03 (ddt, J = 17.3, 10.5, 5.1 Hz, 1 H), 6.86–6.92 (m,
3 H), 7.17 (dd, J = 8.4, 2.1 Hz, 1 H), 7.23 (d, J = 8.7 Hz, 2 H), 7.63 (d, J = 2.0 Hz, 1 H), 7.71
(dd, J = 6.0, 6.0 Hz, 1 H) ppm. 13C-NMR (125 MHz, 373 K, DMSO-D6): δ = 13.6, 18.1, 20.2,
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27.3, 27.5, 27.6, 31.2, 31.2, 32.6, 33.4, 37.0, 38.1, 40.2, 40.4, 41.0, 54.7, 59.6, 69.1, 70.0, 71.2, 78.1,
78.7, 79.8, 85.9, 112.7, 113.3, 116.5, 117.0, 128.5, 129.5, 130.6, 131.8, 132.7, 133.1, 138.7, 154.1,
155.2, 158.4, 168.4, 169.3, 175.4 ppm. HRMS (ESI-ToF) calcd. for C47H70IN2O10

+ [M+H]+:
949.4070 found 949.4059.

4.2.9. Synthesis of (3R,9S,11S,13R,14S,16R)-3-[4-(Allyloxy)-3-iodobenzyl]
-14-hydroxy-4,9,11,13-tetramethyl-16-[3-(trimethylsilyl)prop-2-yn-1-yl]-1-oxa-4,7-
diazacyclohexadecane-2,5,8-trione (7a-1)

A solution of linear precursor 7a (874 mg, 858 μmol, 1.0 equiv) in anhydrous DCM
(3.86 mL, 4.5 mL/mmol, 0.22 M) was treated with TFA (2.57 mL, 3.0 mL/mmol, 0.33
M). It was warmed to rt and stirred for 90 min. The solvent was removed in N2 stream
and azeotropically distilled with benzene and dried in vacuo. Triethylamine (1.20 mL,
8.58 mmol, 10.0 equiv) and BOP-Cl (1.09 g, 4.29 mmol, 5.0 equiv) were dissolved in DCM
(1.72 l, 0.5 mM) and cooled to 0 ◦C. The previously obtained residue was dissolved in DCM
(172 mL, 200 mL/mmol) and added dropwise (overnight) to the solution at 0 ◦C. After
complete addition, the mixture was warmed to rt and further stirred for 24 h. The reaction
mixture was worked up with 0.1 M HCl and the organic phase washed with saturated
NaHCO3, saturated NH4Cl and brine. The organic phase was dried over Na2SO4 and the
solvent removed under reduced pressure. The residue was dissolved in MeOH (51.5 mL,
60 mL/mmol, 0.017 M) and ammonia (4.29 mL, 5 mL/mmol, 35% in H2O) was added
dropwise and stirred for 1 h. The solvent was removed under reduced pressure, the residue
taken up on Isolute, reversed-phase chromatographed (Telos C18, H2O:MeCN 80:20–MeCN)
and 7a-1 (480 mg, 662 μmol, 77%) obtained as colorless powder after lyophilization. A
sample was further purified by preparative HPLC (Luna C18, H2O:MeCN 60:40–MeCN)
for analytical purposes. Rf (7a-1) = 0.33 (silica, n-pentane:EtOAc 1:1). [α]20

D = −19.0 (c = 1.0,
CHCl3). 1H-NMR (400 MHz, CDCl3): δ = 0.18 (s, 9 H), 0.83 (d, J = 6.7 Hz, 3 H), 0.95 (d,
J = 6.1 Hz, 3 H), 0.98–1.09 (m, 3 H), 1.11 (d, J = 6.6 Hz, 3 H), 1.19 (m, 1 H), 1.37 (ddd, J =
14.3, 11.2, 1.7 Hz, 1 H), 1.45–1.58 (m, 2 H), 1.98 (m, 1 H), 2.24 (bs, 1 H), 2.38 (ddq, J = 12.0,
6.6, 3.3 Hz, 1 H), 2.54 (d, = 6.1 H, 2 H), 2.89 (dd, J = 15.5, 12.0 Hz, 1 H), 2.93 (s, 3 H), 3.27
(dd, J = 17.0, 1.0 Hz, 1 H), 3.42 (dd, J = 15.4, 4.5 Hz, 1 H), 3.61 (ddd, J = 11.2, 3.8, 1.7 Hz, 1
H), 4.55 (ddd, J = 4.8, 1.6, 1.6 Hz, 2 H), 4.77 (dd, J = 17.0, 8.6 Hz, 1 H), 5.26 (ddt, J = 11.4, 6.1,
1.8 Hz, 1 H), 5.30 (ddt, J = 10.6, 1.6, 1.3 Hz, 1 H), 5.47 (dd, J = 12.0, 4.5 Hz, 1 H), 5.50 (ddt, J
= 17.1, 1.6, 1.3 Hz, 1 H), 6.03 (ddt, J = 17.2, 10.4, 5.0 Hz, 1 H), 6.21 (d, J = 8.1 Hz, 1 H), 6.71
(d, J = 8.4 Hz, 1 H), 7.09 (dd, J = 8.4, 2.0 Hz, 1 H), 7.59 (d, J = 2.0 Hz, 1 H) ppm. 13C-NMR
(100 MHz, CDCl3): δ = 0.0, 14.3, 17.6, 18.3, 26.4, 27.0, 30.5, 32.6, 33.1, 34.5, 39.0, 39.8, 42.7,
45.0, 57.8, 65.7, 69.7, 70.6, 86.8, 87.2, 102.0, 112.4, 117.7, 129.0, 130.7, 132.4, 139.1, 156.1, 171.0,
171.7, 177.4 ppm. HRMS (ESI-ToF) calcd. for C33H50IN2O6Si+ [M+H]+: 725.2477 found
725.2482.

4.2.10. Synthesis of (3R,9S,11S,13R,14S,16R)-16-allyl-3-[4-(allyloxy)-3-iodobenzyl]-14-
hydroxy-4,9,11,13-tetramethyl-1-oxa-4,7-diazacyclohexadecane-2,5,8-trione (7b-1)

A solution of linear precursor 7b (914 mg, 963 μmol, 1.0 equiv) in anhydrous DCM
(4.33 mL, 4.5 mL/mmol, 0.22 M) was treated with TFA (2.89 mL, 3.0 mL/mmol, 0.33 M).
It was warmed to rt and stirred for 90 min. The solvent was removed in N2 stream
and azeotropically distilled with benzene and dried in vacuo. Triethylamine (1.34 mL,
9.63 mmol, 10.0 equiv) and BOP-Cl (1.23 g, 4.82 mmol, 5.0 equiv) were dissolved in DCM
(1.93 l, 0.5 mM) and cooled to 0 ◦C. The previously obtained residue was dissolved in
DCM (193 mL, 200 mL/mmol) and added dropwise (overnight) to the solution at 0 ◦C.
After complete addition, the mixture was warmed to rt and further stirred for 24 h. The
reaction mixture was worked up with 0.1 M HCl and the organic phase washed with
saturated NaHCO3, saturated NH4Cl and brine. The organic phase was dried over Na2SO4
and the solvent removed under reduced pressure. The residue was dissolved in MeOH
(57.8 mL, 60 mL/mmol, 0.017 M) and ammonia (4.82 mL, 5 mL/mmol, 35% in H2O) was
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added dropwise and stirred for 1 h. The solvent was removed under reduced pressure,
the residue taken up on Isolute, reversed-phase chromatographed (FlashPure Select C18,
H2O:MeCN 90:10–MeCN), and 7b-1 (511 mg, 781 μmol, 81%) obtained as colorless powder
after lyophilization. A sample was further purified by preparative HPLC (Luna C18,
H2O:MeCN 90:10–MeCN) for analytical purposes. [α]20

D = −33.7 (c = 1.0, CHCl3). 1H-NMR
(400 MHz, CDCl3): δ = 0.82 (d, J = 6.7 Hz, 3 H), 0.95 (d, J = 6.1 Hz, 3 H), 0.98–1.08 (m, 3 H),
1.18 (m, 1 H), 1.31 (ddd, J = 13.9, 11.4, 2.0 Hz, 1 H), 1.42–1.55 (m, 2 H), 1.98 (m, 1 H), 2.07
(bs, 1 H), 2.35–2.43 (m, J = 6.7, 6.7 Hz, 3 H), 2.83 (dd, J = 15.3, 12.1 Hz, 1 H), 2.87 (s, 3 H),
3.24 (dd, J = 16.7, 1.0 Hz, 1 H), 3.38 (dd, J = 15.4, 4.5 Hz, 1 H), 3.60 (ddd, J = 11.4, 3.9, 1.8 Hz,
1 H), 4.54 (ddd, J = 4.9, 1.6, 1.6 Hz, 2 H), 4.78 (dd, J = 16.9, 8.7 Hz, 1 H), 5.04–5.14 (m, 2 H),
5.22–5.33 (m, J = 10.6, 1.5, 1.5 Hz, 2 H), 5.44 (dd, J = 12.2, 4.6 Hz, 1 H), 5.49 (dd, J = 17.3, 1.5,
1.5 Hz, 1 H), 5.74 (ddt, J = 17.0, 10.2, 6.9 Hz, 1 H), 6.03 (ddt, J = 17.2, 10.4, 5.0 Hz, 1 H), 6.24
(d, J = 8.3 Hz, 1 H), 6.70 (d, J = 8.4 Hz, 1 H), 7.08 (dd, J = 8.4, 2.0 Hz, 1 H), 7.58 (d, J = 2.0 Hz,
1 H) ppm. 13C-NMR (100 MHz, CDCl3): δ = 14.3, 17.6, 18.3, 27.0, 30.6, 32.6, 33.2, 34.4, 39.0,
39.7, 39.8, 42.7, 44.9, 57.7, 65.6, 69.7, 71.7, 86.7, 112.4, 117.7, 118.0, 128.9, 130.7, 132.4, 133.8,
139.4, 156.1, 171.3, 171.6, 177.5 ppm. HRMS (ESI-ToF) calcd. for C30H44IN2O6

+ [M+H]+:
655.2239 found 655.2247.

4.2.11. Synthesis of
(3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-(4-hydroxy-3-iodobenzyl)-4,9,11,13-tetramethyl-
16-[3-(trimethylsilyl)prop-2-yn-1-yl]-1-oxa-4,7-diazacyclohexadecane-2,5,8-trione (8a)

0.01 M catalyst solution: CpRu(II)(MeCN)3PF6 (16.4 mg, 37.8 μmol) was dissolved in
anhydrous MeOH (3.42 mL) and stirred for 5 min (yellow solution). Quinoline-2-carboxylic
acid (380 μL, 38 μmol, 0.1 M in anhydrous MeOH) was added and the mixture stirred for
30 min (dark red solution). Deprotection: Allyl ether 7a-1 (413 mg, 569 μmol, 1.0 equiv)
was dissolved in anhydrous degassed MeOH (11.4 mL, 0.05 M) under an N2-atmosphere.
The previously prepared catalyst solution (2.85 mL, 28.5 μmol, 0.01 M) was added and the
mixture stirred for 6 h at rt. The solvent was removed under reduced pressure, the residue
taken up on Isolute and chromatographed (SiO2, n-pentane:EtOAc 1:1–4:6) and alcohol 8a

(340 mg, 496 μmol, 87%) obtained as colorless powder after lyophilization. Rf (8a) = 0.13
(silica, n-pentane: EtOAc 1:1). [α]20

D = −20.1 (c = 1.0, CHCl3). 1H-NMR (400 MHz, CDCl3):
δ = 0.18 (s, 9 H), 0.84 (d, J = 6.7 Hz, 3 H), 0.94 (d, J = 6.0 Hz, 3 H), 1.01–1.10 (m, 3 H), 1.12
(d, J = 6.6 Hz, 3 H), 1.15–1.23 (m, 1 H), 1.42 (m, 1 H), 1.48–1.60 (m, 2 H), 1.98 (m, 1 H), 2.31
(bs, 1 H), 2.43 (m, 1 H), 2.55 (m, 2 H), 2.87 (dd, J = 15.2, 12.0 Hz, 1 H), 2.97 (s, 3 H), 3.21
(d, J = 16.6 Hz, 1 H), 3.42 (dd, J = 15.2, 4.3 Hz, 1 H), 3.63 (m, 1 H), 4.78 (dd, J = 16.7, 8.7
Hz, 1 H), 5.27 (dddd, J = 10.2, 6.6, 6.6, 1.6 Hz, 1 H), 5.52 (dd, J = 11.9, 4.4 Hz, 1 H), 6.36 (d,
J = 6.8 Hz, 1 H), 6.83 (d, J = 8.3 Hz, 1 H), 6.95 (bs, 1 H), 7.05 (dd, J = 8.3, 1.1 Hz, 1 H), 7.47
(d, J = 1.1 Hz, 1 H) ppm. 13C-NMR (100 MHz, CDCl3): δ = 0.0, 14.3, 17.6, 18.4, 26.4, 27.1,
30.8, 32.6, 33.0, 34.6, 39.1, 39.6, 42.8, 44.9, 57.8, 65.9, 70.7, 85.2, 87.3, 102.0, 115.2, 129.5, 130.2,
138.2, 154.3, 170.6, 172.1, 177.6 ppm. HRMS (ESI-ToF) calcd. for C30H46IN2O6Si+ [M+H]+:
685.2164 found 685.2162.

4.2.12. Synthesis of (3R,9S,11S,13R,14S,16R)-16-Allyl-14-hydroxy-3-(4-hydroxy-3-
iodobenzyl)-4,9,11,13-tetramethyl-1-oxa-4,7-diazacyclohexadecane-2,5,8-trione (8b)

0.01 M catalyst solution: CpRu(II)(MeCN)3PF6 (20.2 mg, 46.5 μmol) was dissolved in
anhydrous MeOH (4.23 mL) and stirred for 5 min (yellow solution). Quinoline-2-carboxylic
acid (470 μL, 470 μmol, 0.1 M in anhydrous MeOH) was added and the mixture stirred for
30 min (dark red solution). Deprotection: Allyl ether 7b-1 (463 mg, 707 μmol, 1.0 equiv)
was dissolved in anhydrous degassed MeOH (14.1 mL, 0.05 M) under an N2-atmosphere.
The previously prepared catalyst solution (3.53 mL, 35.3 μmol, 0.01 M) was added and
the mixture stirred for 90 min at rt. The solvent was removed under reduced pressure,
the residue taken up on Isolute and chromatographed (SiO2, n-pentane:EtOAc 1:1–2:8).
The obtained residue was further purified by preparative HPLC (Luna C18, H2O:MeCN
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50:50–MeCN) and compound 8b (354 mg, 576 μmol, 81%) obtained as colorless powder
after lyophilization. Rf (8b) = 0.19 (silica, n-pentane:EtOAc 4:6). [α]20

D = −40.3 (c = 1.0,
CHCl3). 1H-NMR (400 MHz, CDCl3): δ = 0.83 (d, J = 6.9 Hz, 3 H), 0.96 (d, J = 6.1 Hz, 3 H),
1.00–1.10 (m, 3 H), 1.13 (d, J = 6.6 Hz, 3 H), 1.18 (m, 1 H), 1.25 (bs, 1 H), 1.34 (ddd, J = 14.0
Hz, J = 11.7, 2.0 Hz, 1 H), 1.48 (ddd, J= 14.0, 11.8, 2.0 Hz, 1 H), 1.52 (ddd, J = 12.1, 12.1, 1.5
Hz, 1 H), 1.99 (m, 1 H), 2.38 (dd, J = 7.0, 6.2 Hz, 2 H), 2.43 (ddd, J = 12.1, 6.6 Hz, 3.5 Hz, 1
H), 2.83 (dd, J = 15.4 Hz, J = 12.2 Hz, 1 H), 2.89 (s, 3 H), 3.23 (dd, J = 16.7, 1.6 Hz, 1 H), 3.40
(dd, J = 15.5, 4.5 Hz, 1 H), 3.62 (ddd, J = 11.6, 4.2, 2.1 Hz, 1 Hz), 4.80 (dd, J = 16.8, 8.7 Hz,
1 H), 5.06–5.15 (m, 2 H), 5.28 (ddt, J = 11.8, 6.2, 2.0 Hz, 1 H), 5.49 (dd, J = 12.1, 4.6 Hz, 1
H), 5.76 (ddt, J = 17.1, 10.2, 7.0 Hz, 1 H), 6.05 (bs, 1 H), 6.27 (d, J = 8.1 Hz, 1 H), 6.86 (d,
J = 8.4 Hz, 1 H), 7.05 (dd, J = 8.3, 2.1 Hz, 1 H), 7.47 (d, J = 2.0 Hz, 1 H) ppm. 13C-NMR (125
MHz, CDCl3): δ = 14.3, 17.6, 18.4, 27.0, 30.7, 32.7, 33.2, 34.5, 39.1, 39.6, 39.8, 42.9, 44.9, 57.8,
65.8, 71.8, 85.5, 115.2, 118.0, 129.7, 130.4, 133.8, 138.0, 154.0, 171.1, 171.8, 177.6 ppm. HRMS
(ESI-ToF) calcd. for C27H40IN2O6

+ [M+H]+: 615.1926 found 615.1944.

4.2.13. Synthesis of (3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-(4-hydroxy-3-iodobenzyl)-
4,9,11,13-tetramethyl-16-(prop-2-yn-1-yl)-1-oxa-4,7-diazacyclohexadecane-2,5,8-trione
(8c)

Compound 8a (314 mg, 458 μmol, 1.0 equiv) was dissolved in anhydrous THF (9.17
mL, 0.05 M). TBAF (504 mL, 504 μmol, 1.1 equiv, 1 M solution in THF) was added at 0 ◦C
and stirred for 15 min. The reaction was worked up with saturated NH4Cl and the aqueous
phase extracted twice with EtOAc. The combined organic phases were dried over Na2SO4,
and the solvent removed under reduced pressure. The residue was chromatographed
(FlashPure Select C18, H2O:MeCN 90:10–MeCN) and alkyne 8c (281 mg, 458 μmol, quant.)
obtained as colorless powder after lyophilization. Rf (8c) = 0.22 (silica, n-pentane: EtOAc
1:1). [α]20

D = −35.1 (c = 0.5, CHCl3). 1H-NMR (500 MHz, CDCl3): δ = 0.84 (d, J = 6.8 Hz, 3 H),
0.96 (d, J = 6.3 Hz, 3 H), 1.02–1.10 (m, 3 H), 1.12 (d, J = 6.7 Hz, 3 H), 1.20 (m, 1 H), 1.45–1.57
(m, 3 H), 1.98 (m, 1 H), 2.15 (t, J = 2.6 Hz, 1 H), 2.39–2.48 (m, 2 H), 2.61 (ddd, J = 17.1, 6.7,
2.6 Hz, 1 H), 2.88 (dd, J = 15.5, 11.9 Hz, 1 H), 2.94 (s, 3 H), 3.26 (d, J = 16.8 Hz, 1 H), 3.41
(dd, J = 15.5, 4.7 Hz, 1 H) 3.67 (m, 1 H), 4.81 (dd, J = 16.8, 8.7, 1 H), 5.26 (m, 1 H), 5.55 (dd,
J = 11.9, 4.7 Hz, 1 H), 6.05 (bs, 1 H), 6.29 (m, 1 H), 6.86 (d, J = 8.2 Hz, 1 H), 7.06 (dd, J = 8.2,
2.0 Hz, 1 H), 7.49 (d, J = 2.0 Hz, 1 H) ppm. 13C-NMR (125 MHz, CDCl3): δ = 14.3, 17.6, 18.3,
24.9, 27.0, 30.5, 32.4, 32.4, 34.7, 39.1, 39.8, 42.8, 45.0, 57.5, 65.9, 70.1, 71.4, 79.4, 85.5, 115.2,
129.8, 130.4, 138.1, 154.1, 170.6, 171.9, 177.5 ppm. HRMS (ESI-ToF) calcd. for C27H38IN2O6

+

[M+H]+: 613.1769 found 613.1767.

4.3. Modification of the Doliculide Core Structure
4.3.1. Synthesis of (3R,9S,11S,13R,14S,16R)-16-[(1-Benzyl-1H-1,2,3-triazol-4-yl)methyl]-14-
hydroxy-3-(4-hydroxy-3-iodobenzyl)-4,9,11,13-tetramethyl-1-oxa-4,7-
diazacyclohexadecane-2,5,8-trione (9a)

According to the general procedure for CuAAC, alkyne 8c (15.3 mg, 25.0 μmol, 1.0
equiv) was dissolved in a 1:1 mixture of t-BuOH:H2O (500 μL, 0.05 M) and reacted with
benzyl azide (4.0 mg, 30.0 μmol, 1.2 equiv), sodium ascorbate (15.0 μL, 15.0 μmol, 1 M
in H2O, 0.6 equiv), and copper(II) sulfate (12.5 μL, 12.5 μmol, 1 M in H2O, 0.5 equiv).
After stirring for 16 h, the mixture was concentrated and the obtained crude product was
subjected to reversed-phase flash chromatography (FlashPure Select C18, H2O:MeCN
90:10–MeCN). Triazole 9a (17.5 mg, 23.5 μmol, 86%) was obtained as colorless powder
after lyophilization. [α]20

D = –12.0 (c = 1.0, CHCl3). 1H-NMR (500 MHz, CDCl3): δ = 0.81 (d,
J = 6.9 Hz, 3 H), 0.94 (d, J = 6.1 Hz, 3 H), 1.01–1.09 (m, 3 H), 1.13 (d, J = 6.7 Hz, 3 H), 1.17 (m,
1 H), 1.43–1.55 (m, 3 H), 1.97 (m, 1 H), 2.44 (m, 1 H), 2.61 (dd, J = 15.3, 12.1 Hz, 1 H), 2.78 (s,
3 H), 2.98–3.08 (m, 2 H), 3.09–3.17 (m, 2 H), 3.63 (ddd, J = 9.0, 4.1, 4.1 Hz, 1 H), 4.71 (dd,
J = 16.7, 8.9 Hz), 5.37 (dd, J = 12.1, 4.6 Hz, 1 H), 5.44 (m, 1 H), 5.55 (d, J = 14.8 Hz, 1 H), 5.59
(d, J = 14.8 Hz, 1 H), 6.34 (dd, J = 8.9, 2.4 Hz, 1 H), 6.80 (d, J = 8.3 Hz, 1 H), 6.95 (dd, J = 8.2,
1.4 Hz, 1 H), 7.28–7.37 (m, 5 H), 7.39 (d, J = 1.7 Hz, 1 H), 7.43 (s, 1 H) ppm. 13C-NMR (125
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MHz, CDCl3): δ = 14.3, 17.6, 18.5, 27.0, 30.8, 31.5, 32.3, 33.1, 34.4, 39.1, 39.5, 42.9, 44.8, 54.0,
57.8, 65.8, 71.7, 85.1, 115.1, 121.9, 128.1, 128.7, 129.0, 129.4, 130.2, 135.0, 138.3, 143.9, 154.3,
171.1, 172.0, 177.7 ppm. HRMS (ESI-ToF) calcd. for C34H45IN5O6

+ [M]+: 746.2409 found
746.2408.

4.3.2. Synthesis of (3R,9S,11S,13R,14S,16R)-14-hydroxy-3-(4-hydroxy-3-iodobenzyl)-
4,9,11,13-tetramethyl-16-((1-pentyl-1H-1,2,3-triazol-4-yl)methyl)-1-oxa-4,7-
diazacyclohexadecane-2,5,8-trione (9b)

According to the general procedure for CuAAC, alkyne 8c (12.8 mg, 20.9 μmol, 1.0
equiv) was dissolved in a 1:1 mixture of t-BuOH:H2O (418 μL, 0.05 M) and reacted with
1-azidopentane (2.8 mg, 25.1 μmol, 1.2 equiv), sodium ascorbate (12.5 μL, 12.5 μmol, 1 M
in H2O, 0.6 equiv) and copper(II) sulfate (10.5 μL, 10.5 μmol, 1 M in H2O, 0.5 equiv).
After stirring for 16 h, the mixture was concentrated and the obtained crude product was
subjected to reversed-phase flash chromatography (FlashPure Select C18, H2O:MeCN
90:10–MeCN). Triazole 9b (14.4 mg, 19.8 μmol, 95%) was obtained as colorless powder
after lyophilization. [α]20

D = −9.6 (c = 1.0, CHCl3). 1H-NMR (500 MHz, CDCl3): δ = 0.81 (d,
J = 6.6 Hz, 3 H), 0.88 (t, J = 7.1 Hz, 3 H), 0.94 (d, J = 6.0 Hz, 3 H), 0.99–1.08 (m, 3 H), 1.11
(d, J = 6.6 Hz, 3 H), 1.19 (m, 1 H), 1.24–1.39 (m, 4 H), 1.42–1.56 (m, 3 H), 1.89 (tt, J = 7.3, 7.3
Hz, 2 H), 1.97 (m, 1 H), 2.43 (m, 1 H), 2.70 (dd, J = 14.3, 11.2 Hz, 1 H), 2.94 (s, 3 H), 2.98 (dd,
J = 15.3, 3.8 Hz, 1 H), 3.06 (dd, J = 15.3, 8.2 Hz, 1 H), 3.11–3.21 (m, 2 H), 3.53–3.74 (m, 2 H),
4.36 (t, J = 7.3 Hz, 2 H), 4.76 (dd, J = 16.6, 8.7 Hz, 1 H), 5.33 (dd, J = 11.1, 3.9 Hz, 1 H), 5.44
(m, 1 H), 6.44 (bs, 1 H), 6.77 (d, J = 7.8 Hz, 1 H), 6.92 (d, J = 7.8 Hz, 1 H), 7.40 (s, 1 H), 7.43
(s, 1 H) ppm. 13C-NMR (125 MHz, CDCl3): δ = 13.9, 14.4, 17.7, 18.4, 22.1, 27.0, 28.6, 30.1,
31.0, 31.6, 32.4, 33.2, 34.5, 39.0, 39.6, 42.8, 44.9, 50.3, 58.0, 65.8, 71.9, 86.0, 115.5, 121.7, 129.5,
129.5, 138.2, 143.5, 155.5, 171.3, 171.9, 177.6 ppm. HRMS (ESI-ToF) calcd. for C32H49IN5O6

+

[M+H]+: 726.2722 found 726.2722.

4.3.3. Synthesis of Benzyl 2-(4-{[(3R,9S,11S,13R,14S,16R)-14-hydroxy-3-(4-hydroxy-3-
iodobenzyl)-4,9,11,13-tetramethyl-2,5,8-trioxo-1-oxa-4,7-diazacyclohexadecan-16-
yl]methyl}-1H-1,2,3-triazol-1-yl)acetate (9c)

According to the general procedure for CuAAC, alkyne 8c (11.5 mg, 18.8 μmol, 1.0
equiv) was dissolved in a 1:1 mixture of t-BuOH:H2O (374 μL, 0.05 M) and reacted with
benzyl 2-azidoacetate (4.3 mg, 22.5 μmol, 1.2 equiv), sodium ascorbate (11.3 μL, 11.3 μmol,
1 M in H2O, 0.6 equiv) and copper(II) sulfate (9.4 μL, 9.4 μmol, 1 M in H2O, 0.5 equiv).
After stirring for 16 h, the mixture was concentrated and the obtained crude product was
subjected to reversed-phase flash chromatography (FlashPure Select C18, H2O:MeCN
90:10–MeCN). Triazole 9c (14.2 mg, 17.7 μmol, 94%) was obtained as colorless powder after
lyophilization. [α]20

D = –13.0 (c = 1.0, CHCl3). 1H-NMR (500 MHz, CDCl3): δ = 0.82 (d,
J = 6.7 Hz, 3 H), 0.94 (d, J = 6.0 Hz, 3 H), 0.99–1.07 (m, 3 H), 1.10 (d, J = 6.6 Hz, 3 H), 1.16 (m,
1 H), 1.44–1.51 (m, 2 H), 1.58 (m, 1 H), 2.0 (m, 1 H), 2.42 (ddq, J = 12.1, 6.6 Hz, J = 3.4 Hz, 1
H), 2.78 (dd, J = 15.4, 12.4 Hz, 1 H), 2.80 (s, 3 H), 3.05 (dd, J = 16.6, 2.0 Hz, 1 H), 3.09 (dd,
J = 16.3, 6.4 Hz, 1 H), 3.23 (dd, J = 16.3, 3.8 Hz, 1 H), 3.26 (dd, J = 15.4, 4.4 Hz, 1 H), 3.68
(m, 1 H), 4.70 (dd, J = 16.6, 9.2 Hz, 1 H), 5.19 (d, J = 12.2 Hz, 1 H), 5.25 (d, J = 12.2 Hz, 1 H),
5.33 (d, J = 17.5 Hz, 1 H), 5.37 (d, J = 17.5 Hz, 1 H), 5.47 (dd, J = 12.2, 4.4 Hz, 1 H), 5.58 (m,
1 H), 6.13 (dd, J = 9.2, 2.0 Hz, 1 H), 6.81 (d, J = 8.2 Hz, 1 H), 7.01 (dd, J = 8.2, 1.4 Hz, 1 H),
7.29–7.39 (m, 5 H), 7.46 (d, J = 1.7 Hz, 1 H), 7.68 (s, 1 H) ppm. 13C-NMR (125 MHz, CDCl3):
δ = 14.2, 17.5, 18.5, 26.9, 30.7, 31.3, 32.2, 32.5, 34.2, 39.0 39.3, 43.1, 44.8, 50.8, 57.6, 65.8, 67.8,
71.1, 85.2, 115.1, 123.4, 128.4, 128.7, 128.7, 129.5, 130.4, 134.7, 138.3, 143.4, 154.2, 167.0, 171.2,
172.0, 177.9 ppm. HRMS (ESI-ToF) calcd. for C29H41IN5O8

+ [M–Bn+2H]+: 714.1994 found
714.1991.
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4.3.4. Synthesis of 2-{2-[2-(4-{[(3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-(4-hydroxy-3-
iodobenzyl)-4,9,11,13-tetramethyl-2,5,8-trioxo-1-oxa-4,7-diazacyclohexadecan-16-
yl]methyl}-1H-1,2,3-triazol-1-yl)ethoxy]ethoxy}acetic Acid (9d)

According to the general procedure for CuAAC, alkyne 8c (9.9 mg, 16.2 μmol, 1.0 equiv)
was dissolved in a 1:1 mixture of t-BuOH:H2O (324 μL, 0.05 M) and reacted with potassium
2-[2-(2-azidoethoxy)ethoxy)acetate (4.4 mg, 19.4 μmol, 1.2 equiv), sodium ascorbate (9.7 μL,
9.7 μmol, 1 M in H2O, 0.6 equiv) and copper(II) sulfate (8.1 μL, 8.1 μmol, 1 M in H2O,
0.5 equiv). After stirring for 18 h. DCM and brine were added to the reaction mixture,
the phases separated and the aqueous phase extracted twice with DCM and once with
CHCl3/i-PrOH (3:1). The combined organic extracts were concentrated and the obtained
crude product was subjected to reversed-phase flash chromatography (FlashPure Select
C18, H2O + 0.1% HCOOH:MeCN 90:10–MeCN). Triazole 9d (8.5 mg, 10.6 μmol, 66%) was
obtained as colorless powder after lyophilization. [α]20

D = −4.1 (c = 1.0, CHCl3). 1H-NMR
(500 MHz, DMSO-D6): δ = 0.68 (d, J = 6.9 Hz, 3 H), 0.84 (d, J = 6.3 Hz, 3 H), 0.87–0.92 (m,
3 H), 0.94 (d, J = 6.7 Hz, 3 H), 1.15 (m, 1 H), 1.22–1.38 (m, 3 H), 1.57 (bs, 1 H), 1.77 (m, 1 H),
2.47 (m, 1 H), 2.79 (dd, J = 15.0, 11.4 Hz, 1 H), 2.82 (s, 3 H), 2.92 (dd, J = 15.0, 4.6 Hz, 1 H),
2.98 (dd, J = 15.2, 6.0 Hz, 1 H), 3.01 (dd, J = 15.7, 3.1 Hz, 1 H), 3.09 (dd, J = 15.0, 4.6 Hz, 1 H),
3.34 (bs, 1 H), 3.51–3.58 (m, 5 H), 3.83 (t, J = 5.4 Hz, 2 H), 3.87 (s, 2 H), 4.49–4.60 (m, 3 H),
5.21 (dddd, J = 9.2, 6.0, 5.6, 4.6 Hz, 1 H), 5.38 (dd, J = 11.4, 4.6 Hz, 1 H), 6.78 (d, J = 8.2 Hz,
1 H), 6.97 (dd, J = 8.4, 2.0 Hz, 1 H), 7.47 (d, J = 2.0 Hz, 1 H), 7.93 (s, 1 H), 8.17 (dd, J = 8.6,
3.1 Hz, 1 H), 10.5 (bs, 1 H) ppm. 13C-NMR (125 MHz, DMSO-D6): δ = 14.4, 17.5, 18.6, 26.2,
30.5, 30.8, 31.0, 31.4, 34.5, 37.1, 38.6, 43.0, 44.7, 49.1, 56.6, 63.9, 68.3, 68.9, 69.5, 69.5, 70.8, 84.4,
114.7, 123.2, 129.6, 130.0, 138.4, 142.0, 155.2, 169.9, 170.7, 171.8, 176.2 ppm. HRMS (ESI-ToF)
calcd. for C33H49IN5O10

+ [M+H]+: 802.2519 found 802.2518.

4.3.5. Synthesis of (3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-(4-hydroxy-3-iodobenzyl)-16-((1-
(2-(2-(2-hydroxyethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)-4,9,11,13-tetramethyl-
1-oxa-4,7-diazacyclohexadecane-2,5,8-trione (9e)

According to the general procedure for CuAAC, alkyne 8c (14.8 mg, 24.2 μmol, 1.0
equiv) was dissolved in a 1:1 mixture of t-BuOH:H2O (484 μL, 0.05 M) and reacted with
2-[2-(2-azidoethoxy]ethoxy)ethan-1-ol (5.1 mg, 29.1 μmol, 1.2 equiv), sodium ascorbate
(14.5 μL, 14.5 μmol, 1 M in H2O, 0.6 equiv) and copper(II) sulfate (12.1 μL, 12.1 μmol, 1 M
in H2O, 0.5 equiv). After stirring for 16 h, the mixture was concentrated and the obtained
crude product was subjected to reversed-phase flash chromatography (FlashPure Select
C18, H2O + 0.1% HCOOH:MeCN 90:10–MeCN). Triazole 9e (15.2 mg, 19.3 μmol, 80%) was
obtained as colorless powder after lyophilization. [α]20

D = –9.6 (c = 1.0, CHCl3). 1H-NMR
(500 MHz, CDCl3): δ = 0.82 (d, J = 6.0 Hz, 3 H), 0.93 (d, J = 6.1 Hz, 3 H), 0.99–1.08 (m, 3
H), 1.12 (d, J = 6.6 Hz, 3 H), 1.17 (m, 1 H), 1.42–1.58 (m, 3 H), 1.88–2.07 (m, 3 H), 2.43 (ddq,
J = 12.1, 6.6, 3.4 Hz, 1 H), 2.71 (dd, J = 15.3, 11.8 Hz, 1 H), 2.93 (s, 3 H), 2.99 (dd, J = 15.4,
4.1 Hz, 1 H), 3.07 (dd, J = 15.0, 7.9 Hz, 1 H), 3.13 (dd, J = 16.6, 1.5 Hz, 1 H), 3.17 (dd, J =
15.4, 4.6 Hz, 1 H), 3.58 (t, J = 4.4 Hz, 2 H), 3.60–3.65 (m, 5 H), 3.75 (dd, J = 4.1, 4.1 Hz, 2 H),
3.83–3.92 (m, 2 H), 4.57 (m, 2 H), 4.75 (dd, J = 16.6, 8.9 Hz, 1 H), 5.34 (dd, J = 11.8, 4.7 Hz, 1
H), 5.43 (m, 1 H), 6.41 (dd, J = 8.9, 1.5 Hz, 1 H), 6.82 (d, J = 8.1 Hz, 1 H), 6.97 (dd, J = 8.1, 1.7
Hz, 1 H), 7.44 (d, J = 1.7 Hz, 1 H), 7.73 (s, 1 H) ppm. 13C-NMR (125 MHz, CDCl3): δ = 14.3,
17.6, 18.5, 27.0, 31.0, 31.5, 32.4, 33.3, 34.4, 39.1, 39.6, 42.9, 44.9, 50.1, 58.0, 61.6, 65.9, 69.5, 70.2,
70.4, 72.2, 72.5, 85.0, 115.2, 123.4, 129.6, 130.2, 138.4, 143.6, 154.4, 171.2, 171.9, 177.8 ppm.
HRMS (ESI-ToF) calcd. for C33H51IN5O9

+ [M+H]+: 788.2726 found 788.2727.
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4.3.6. Synthesis of tert-Butyl (2-{2-[2-(4-{[(3R,9S,11S,13R,14S,16R)-14-hydroxy-3-(4-hydroxy-
3-iodobenzyl)-4,9,11,13-tetramethyl-2,5,8-trioxo-1-oxa-4,7-diazacyclohexadecan-16-
yl]methyl}-1H-1,2,3-triazol-1-yl)ethoxy]ethoxy}ethyl)carbamate (9f)

According to the general procedure for CuAAC, alkyne 8c (10.2 mg, 16.7 μmol, 1.0
equiv) was dissolved in a 1:1 mixture of t-BuOH:H2O (334 μL, 0.05 M) and reacted with tert-
butyl {2-[2-(2-aminoethoxy)ethoxy]ethyl}carbamate (5.5 mg, 20.0 μmol, 1.2 equiv), sodium
ascorbate (10.0 μL, 10.0 μmol, 1 M in H2O, 0.6 equiv) and copper(II) sulfate (8.3 μL, 8.3
μmol, 1 M in H2O, 0.5 equiv). After stirring for 16 h, the mixture was concentrated and the
obtained crude product was subjected to reversed-phase flash chromatography (FlashPure
Select C18, H2O + 0.1% HCOOH:MeCN 90:10–MeCN). Triazole 9f (13.6 mg, 15.3 μmol,
92%) was obtained as colorless powder after lyophilization. [α]20

D = –4.3 (c = 1.0, CHCl3).
1H-NMR (500 MHz, DMSO-D6): δ = 0.68 (d, J = 6.7 Hz, 3 H), 0.84 (d, J = 6.1 Hz, 3 H),
0.86–0.93 (m, 3 H), 0.94 (d, J = 6.7 Hz, 3 H), 1.15 (m, 1 H), 1.22–1.35 (m, 3 H), 1.36 (s, 9 H),
1.77 (m, 1 H), 2.48 (m, 1 H), 2.80 (dd, J = 15.0, 11.7 Hz, 1 H), 2.81 (s, 3 H), 2.92 (dd, J = 15.1,
5.0 Hz, 1 H), 2.95–3.06 (m, 4 H), 3.09 (dd, J = 15.0, 4.3 Hz, 1 H), 3.34 (t, J = 6.0 Hz, 2 H),
3.45 (m, 2 H), 3.51 (m, 2 H), 3.57 (m, 1 H), 3.82 (ddd, J = 16.2, 10.8, 5.3 Hz, 1 H), 3.83 (ddd,
J = 16.2, 11.1, 5.2 Hz, 1 H), 4.21 (d, J = 4.7 Hz, 1 H), 4.51–4.60 (m, 3 H), 5.21 (m, 1 H), 5.40 (dd,
J = 11.5, 4.5 Hz, 1 H), 6.68–6.80 (m, 2 H), 6.98 (dd, J = 8.2, 1.8 Hz, 1 H), 7.47 (d, J = 1.8 Hz,
1 H), 7.91 (s, 1 H), 8.16 (dd, J = 8.6, 3.1 Hz, 1 H), 10.1 (bs, 1 H) ppm. 13C-NMR (125 MHz,
DMSO-D6): δ = 14.4, 17.5, 18.6, 26.2, 28.2, 30.4, 30.8, 30.9, 31.3, 34.4, 37.1, 38.5, 39.7, 43.0, 44.7,
49.1, 56.5, 63.8, 68.0, 69.2, 69.4, 69.5, 70.7, 77.6, 84.3, 114.7, 123.2, 129.6, 130.1, 138.5, 141.9,
155.0, 155.6, 169.9, 170.7, 176.1 ppm. HRMS (ESI-ToF) calcd. for C38H60IN6O10

+ [M+H]+:
887.3410 found 887.3397.

4.3.7. Synthesis of tert-Butyl [2-(2-{2-[2-(4-{[(3R,9S,11S,13R,14S,16R)-14-hydroxy-3-(4-
hydroxy-3-iodobenzyl)-4,9,11,13-tetramethyl-2,5,8-trioxo-1-oxa-4,7-diazacyclohexadecan-
16-yl]methyl}-1H-1,2,3-triazol-1-yl)ethoxy]ethoxy}ethoxy)ethyl]carbamate (9g)

According to the general procedure for CuAAC, alkyne 8c (10.2 mg, 16.7 μmol, 1.0
equiv) was dissolved in a 1:1 mixture of t-BuOH:H2O (334 μL, 0.05 M) and reacted with tert-
butyl (2-{2-[2-(2-aminoethoxy)ethoxy]ethoxy}ethyl)carbamate (6.4 mg, 20.1 μmol, 1.2 equiv),
sodium ascorbate (10.0 μL, 10.0 μmol, 1 M in H2O, 0.6 equiv) and copper(II) sulfate (8.3 μL,
8.3 μmol, 1 M in H2O, 0.5 equiv). After stirring for 16 h, the mixture was concentrated
and the obtained crude product was subjected to reversed-phase flash chromatography
(FlashPure Select C18, H2O + 0.1% HCOOH:MeCN 90:10–MeCN) and further purified
by preparative HPLC (Luna C18, H2O + 0.1% HCOOH:MeCN 90:10–MeCN). Triazole 9g

(12.4 mg, 13.3 μmol, 80%) was obtained as colorless powder after lyophilization. [α]20
D =

–5.3 (c = 1.0, CHCl3). 1H-NMR (500 MHz, DMSO-D6): δ = 0.68 (d, J = 6.7 Hz, 3 H), 0.84 (d, J
= 6.3 Hz, 3 H), 0.86–0.92 (m, 3 H), 0.94 (d, J = 6.7 Hz, 3 H), 1.16 (m, 1 H), 1.22–1.34 (m, 3 H),
1.36 (s, 9 H), 1.77 (m, 1 H), 2.48 (m, 1 H), 2.75–2.82 (m, J = 15.3, 11.7 Hz, 4 H), 2.92 (dd, J =
15.1, 4.9 Hz, 1 H), 2.95–3.03 (m, 2 H), 3.04 (dt, J = 6.1, 6.1 Hz, 2 H), 3.09 (dd, J = 15.1, 4.6 Hz,
1 H), 3.36 (t, J = 6.1 Hz, 2 H), 3.45–3.47 (m, 4 H), 3.48 (m, 2 H), 3.51 (m, 2 H), 3.57 (m, 1 H),
3.83 (ddd, J = 16.3, 10.8, 5.2 Hz, 1 H), 3.83 (ddd, J = 16.3, 11.1, 5.2 Hz, 1 H), 4.21 (d, J = 4.0
Hz, 1 H), 4.49–4.61 (m, 3 H), 5.22 (m, 1 H), 5.40 (dd, J = 11.7, 4.5 Hz, 1 H), 6.68–6.77 (m, 2 H),
6.98 (dd, J = 8.3, 1.9 Hz, 1 H), 7.47 (d, J = 1.8 Hz, 1 H), 7.91 (s, 1 H), 8.16 (dd, J = 8.7, 3.2 Hz,
1 H), 10.2 (bs, 1 H) ppm. 13C-NMR (125 MHz, DMSO-D6): δ = 14.4, 17.5, 18.6, 26.2, 28.2,
30.4, 30.8, 30.9, 31.3, 34.4, 37.1, 38.5, 39.7, 43.0, 44.7, 49.1, 56.5, 63.8, 69.0, 69.2, 69.5, 69.5, 69.6,
69.7, 70.7, 77.6, 84.3, 114.7, 123.2, 129.6, 130.0, 138.5, 141.9, 155.1, 155.6, 169.9, 170.7, 176.1
ppm. HRMS (ESI-ToF) calcd. for C40H64IN6O11

+ [M+H]+: 931.3672 found 931.3672.

92



Mar. Drugs 2024, 22, 165

4.3.8. Synthesis of (3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-(4-hydroxy-3-iodobenzyl)-
4,9,11,13-tetramethyl-16-(3-phenylprop-2-yn-1-yl)-1-oxa-4,7-diazacyclohexadecane-2,5,8-
trione (10a)

According to the general procedure for Sonogashira couplings, alkyne 8c (10.5 mg,
17.1 μmol) was reacted with (PPh3)2PdCl2 (1.2 mg, 1.71 μmol, 0.1 equiv), iodobenzene
(17.5 mg, 85.7 μmol, 5.0 equiv) and copper(I) iodide (0.7 mg, 3.4 μmol, 0.2 equiv) in NEt3
(114 μL, 0.15 M) and stirred for 16 h. The obtained crude product was subjected to flash
chromatography (RediSep Rf Silica, DCM–DCM:MeOH 90:10) and further purified by
preparative HPLC (Luna C18, H2O:MeCN 90:10–MeCN). Alkyne 10a (6.8 mg, 9.9 μmol,
58%) was obtained as colorless powder after lyophilization. [α]20

D = –0.3 (c = 1.0, CHCl3).
1H-NMR (500 MHz, CDCl3): δ = 0.86 (d, J = 6.9 Hz, 3 H), 0.97 (d, J = 6.3 Hz, 3 H), 1.02–1.11
(m, 3 H), 1.13 (d, J = 6.7 Hz, 3 H), 1.20 (m, 1 H), 1.44 (ddd, J = 13.7, 11.4, 1.8 Hz, 1 H), 1.54
(m, 1 H), 1.60 (ddd, J = 13.7, 11.4 Hz, 1.8 Hz, 1 H), 2.02 (m, 1 H), 2.35 (bs, 1 H), 2.41 (ddq,
J = 12.0, 6.6, 3.4 Hz, 1 H), 2.73 (d, J = 6.3 Hz, 1 H), 2.76 (dd, J = 15.6, 12.2 Hz, 1 H), 2.90 (s, 3
H), 3.25 (dd, J = 16.9, 1.7 Hz, 1 H), 3.35 (dd, J = 15.6, 4.6 Hz, 1 H), 3.66 (m, 1 H), 4.80 (dd,
J = 16.8, 8.7 Hz, 1 H), 5.38 (ddt, J = 11.4, 6.4, 1.8 Hz, 1 H), 5.46 (dd, J = 12.1, 4.7 Hz, 1 H),
5.58 (bs, 1 H), 6.23 (dd, J = 8.7, 1.7 Hz, 1 H), 6.84 (d, J = 8.2 Hz, 1 H), 6.92 (dd, J = 8.3, 1.8 Hz,
1 H), 7.28 (d, J = 1.8 Hz, 1 H), 7.32–7.37 (m, 3 H), 7.43 (m, 2 H) ppm. 13C-NMR (125 MHz,
CDCl3): δ = 14.3, 17.6, 18.4, 26.1, 27.1, 30.5, 32.6, 33.3, 34.5, 39.1, 39.7, 42.8, 45.0, 57.7, 65.9,
70.9, 82.8, 85.3, 85.7, 115.1, 123.1, 128.2, 128.5, 129.6, 130.4, 131.6, 137.8, 153.9, 171.2, 171.9,
177.5 ppm. HRMS (ESI-ToF) calcd. for C33H42IN2O6

+ [M+H]+: 689.2062 found 689.2061.

4.3.9. Synthesis of (3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-(4-hydroxy-3-iodobenzyl)-16-[3-
(4-methoxyphenyl)prop-2-yn-1-yl]-4,9,11,13-tetramethyl-1-oxa-4,7-
diazacyclohexadecane-2,5,8-trione (10b)

According to the general procedure for Sonogashira couplings, alkyne 8c (11.3 mg, 18.4μmol)
was reacted with (PPh3)2PdCl2 (1.3 mg, 1.85μmol, 0.1 equiv), 1-iodo-4-methoxybenzene (21.6 mg,
92.3 μmol, 5.0 equiv) and copper(I) iodide (0.7 mg, 3.7 μmol, 0.2 equiv) in NEt3 (123 μL, 0.15
M) and stirred for 16 h. The obtained crude product was subjected to flash chromatography
(RediSep Rf Silica, DCM–DCM:MeOH 9:1). Alkyne 10b (10.0 mg, 13.9 μmol, 75%) was obtained
as colorless powder after lyophilization. [α]20

D = +8.8 (c = 1.0, CHCl3). 1H-NMR (500 MHz,
CDCl3): δ = 0.85 (d, J = 6.9 Hz, 1 Hz, 3 H), 0.96 (d, J = 6.1 Hz, 3 H), 1.00–1.11 (m, 3 H), 1.13 (d, J =
6.6 Hz, 3 H), 1.19 (m, 1 H), 1.44 (m, 1 H), 1.54 (m, 1 H), 1.59 (m, 1 H), 2.01 (m, 1 H), 2.35–2.46 (m, J
= 12.2, 6.6 Hz, 3.4 Hz, 1 H), 2.71 (d, J = 6.3 Hz, 2 H), 2.77 (dd, J = 15.6, 12.2 Hz, 1 H), 2.91 (s, 3 H),
3.23 (dd, J = 16.8, 1.8 Hz, 1 H), 3.35 (dd, J = 15.6, 4.6 Hz, 1 H), 3.66 (m, 1 H), 3.82 (s, 3 H), 4.80 (dd,
J = 16.8, 8.7 Hz, 1 H), 5.36 (ddt, J = 11.4, 6.3, 2.0 Hz, 1 H), 5.47 (dd, J = 12.2, 4.6 Hz, 1 H), 6.12 (bs, 1
H), 6.29 (dd, J = 8.7, 1.8 Hz, 1 H), 6.83 (d, J = 8.4 Hz, 1 H), 6.87 (m, 2 H), 6.93 (dd, J = 8.4, 2.0 Hz,
1 H), 7.29 (d, J = 2.0 Hz, 1 H), 7.36 (m, 2 H) ppm. 13C-NMR (125 MHz, CDCl3): δ = 14.3, 17.6,
18.4, 26.1, 27.1, 30.5, 32.6, 33.2, 34.5, 39.1, 39.7, 42.8, 44.9, 55.3, 57.7, 65.9, 71.0, 82.6, 83.7, 85.4, 114.1,
115.1, 115.2, 129.5, 130.3, 133.0, 138.0, 154.1, 159.5, 171.1, 172.0, 177.5 ppm. HRMS (ESI-ToF) calcd.
for C34H44IN2O7

+ [M+H]+: 719.2188 found 719.2192.

4.3.10. Synthesis of (3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-(4-hydroxy-3-iodobenzyl)-
4,9,11,13-tetramethyl-16-[3-(4-nitrophenyl)prop-2-yn-1-yl]-1-oxa-4,7-
diazacyclohexadecane-2,5,8-trione (10c)

According to the general procedure for Sonogashira couplings, alkyne 8c (14.4 mg, 23.5μmol)
was reacted with (PPh3)2PdCl2 (1.7 mg, 2.35 μmol, 0.1 equiv), 1-iodo-4-nitrobenzene (29.3 mg,
118 μmol, 5.0 equiv) and copper(I) iodide (0.9 mg, 4.7 μmol, 0.2 equiv) in NEt3 (157 μL, 0.15
M) and stirred for 16 h. The obtained crude product was subjected to flash chromatography
(RediSep Rf Silica, DCM–DCM:MeOH 9:1). Alkyne 10c (13.1 mg, 17.9 μmol, 76%) was obtained
as colorless powder after lyophilization. [α]20

D = +11.7 (c = 1.0, CHCl3). 1H-NMR (500 MHz,
CDCl3): δ = 0.86 (d, J = 6.7 Hz, 3 H), 0.96 (d, J = 6.3 Hz, 3 H), 1.04–1.13 (m, 3 H), 1.14 (d, J = 6.6
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Hz, 3 H), 1.21 (m, 1 H), 1.51–1.63 (m, 3 H), 1.99 (m, 1 H), 2.12 (bs, 1 H), 2.44 (ddq, J = 12.0, 6.6, 3.4
Hz, 1 H), 2.74–2.81 (m, 2 H), 2.87 (dd, J = 17.4, 5.3 Hz, 1 H), 2.92 (s, 3 H), 3.17 (dd, J = 16.6, 2.1 Hz,
1 H), 3.39 (dd, J = 15.3, 4.6 Hz, 1 H), 3.72 (m, 1 H), 4.78 (dd, J = 16.6, 8.8 Hz, 1 H), 5.38 (m, 1 H),
5.56 (dd, J = 11.9, 4.7 Hz, 1 H), 6.36 (dd, J = 8.8, 2.1 Hz, 1 H), 6.70–6.91 (m, J = 8.2 Hz, 2 H), 6.99
(dd, J = 8.3, 2.0 Hz, 1 H), 7.37 (d, J = 2.0 Hz, 1 H), 7.62 (m, 2 H), 8.20 (m, 2 H) ppm. 13C-NMR
(125 MHz, CDCl3): δ = 14.3, 17.6, 18.5, 26.0, 27.1, 30.7, 32.5, 32.7, 34.8, 39.1, 39.5, 42.9, 44.9, 57.6,
66.0, 70.3, 81.6, 85.2, 90.9, 115.1, 123.7, 129.5, 130.0, 130.0, 132.5, 138.2, 147.0, 154.3, 170.5, 172.0,
177.6 ppm. HRMS (ESI-ToF) calcd. for C33H41IN3O8

+ [M+H]+: 734.1933 found 734.1936.

4.3.11. Synthesis of (3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-(4-hydroxy-3-iodobenzyl)-16-{3-
[(2-hydroxyethyl)thio]propyl}-4,9,11,13-tetramethyl-1-oxa-4,7-diazacyclohexadecane-
2,5,8-trione (11a)

According to the general procedure for thiol-ene click reactions, alkene 8b (17.6 mg, 28.6
μmol) was dissolved in anhydrous THF (286 μL, 0.1 M) and reacted with 2-mercaptoethanol
(5.00 μL, 57.3 μmol, 1.12 gml−1, 2.0 equiv), triethylborane (34.4 μL, 8.59 μmol, 0.3 equiv, 0.25 M
in hexane) and air (0.4 mL) and stirred for 20 h. The obtained crude product was subjected to
reversed-phase chromatography (FlashPure Select C18, H2O:MeCN 90:10–MeCN). Thioether
11a (14.2 mg, 20.5 μmol, 72%) was obtained as colorless powder after lyophilization. [α]20

D =
–14.9 (c = 1.0, CHCl3). 1H-NMR (500 MHz, CDCl3): δ = 0.83 (d, J = 6.7 Hz, 3 H), 0.94 (d, J = 6.0
Hz, 3 H), 1.01–1.10 (m, 3 H), 1.12 (d, J = 6.6 Hz, 3 H), 1.17 (m, 1 H), 1.35 (ddd, J = 13.9, 11.5, 2.0
Hz, 1 H), 1.45 (ddd, J = 13.8, 11.6, 2.0 Hz, 1 H), 1.51 (m, 1 H), 1.62 (m, 2 H), 1.72 (m, 2 H), 1.97
(m, 1 H), 2.14–2.35 (m, 2 H), 2.43 (ddq, J = 11.7, 6.6, 3.4 Hz, 1 H), 2.55 (m, 2 H), 2.73 (m, 2 H),
2.86 (dd, J = 15.3, 12.1 Hz, 1 H), 2.93 (s, 3 H), 3.15 (dd, J = 16.7, 2.0 Hz, 1 H), 3.40 (dd, J = 15.3,
4.4 Hz, 1 H), 3.63 (ddd, J = 11.6, J = 4.0, 2.0 Hz, 1 H), 3.74 (t, J = 6.0 Hz, 2 H), 4.76 (dd, J = 16.7,
8.8 Hz, 1 H), 5.22 (m, 1 H), 5.49 (dd, J = 12.1, 4.4 Hz, 1 H), 6.40 (dd, J = 8.8, 2.0 Hz, 1 H), 6.83 (d,
J = 8.2 Hz, 1 H), 7.04 (dd, J = 8.2, 1.8 Hz, 1 H), 7.48 (d, J = 1.8 Hz, 1 H) ppm. 13C-NMR (125
MHz, CDCl3): δ = 14.4, 17.6, 18.4, 25.6, 27.0, 30.9, 31.3, 32.6, 33.1, 34.0, 34.4 35.1, 39.1, 39.5, 43.0,
44.8, 58.0, 60.7, 66.0, 72.4 85.2, 115.2, 129.6, 130.2, 138.3, 154.3, 171.0, 171.9, 177.9 ppm. HRMS
(ESI-ToF) calcd. for C29H46IN2O7

+ [M+H]+: 693.2065 found 693.2076.

4.3.12. Synthesis of (3R,9S,11S,13R,14S,16R)-16-[3-(Butylthio)propyl]-14-hydroxy-3-(4-
hydroxy-3-iodobenzyl)- 4,9,11,13-tetramethyl-1-oxa-4,7-diazacyclohexadecane-
2,5,8-trione (11b)

According to the general procedure for thiol-ene click reactions, alkene 8b (17.9 mg,
29.1 μmol) was dissolved in anhydrous THF (291 μL, 0.1 M) and reacted with 1-butanethiol
(6.25 μL, 58.2 μmol, 0.84 gml−1, 2.0 equiv), triethylborane (35.0 μL, 8.74 μmol, 0.3 equiv,
0.25 M in hexane) and air (0.4 mL) and stirred for 20 h. The obtained crude product was sub-
jected to reversed-phase chromatography (FlashPure Select C18, H2O:MeCN 90:10–MeCN).
Thioether 11b (17.0 mg, 24.1 μmol, 83%) was obtained as colorless powder after lyophiliza-
tion. [α]20

D = −13.2 (c = 1.0, CHCl3). 1H-NMR (500 MHz, CDCl3): δ = 0.83 (d, J = 6.9 Hz,
3 H), 0.90–0.97 (m, J = 6.7 Hz, 6 H), 1.01–1.10 (m, 3 H), 1.12 (d, J = 6.7 Hz, 3 H), 1.19 (m, 1 H),
1.32 (m, 1 H), 1.41 (m, 2 H), 1.45–1.53 (m, 2 H), 1.54–1.63 (m), 1.67 (m, 1 H), 1.76 (m, 1 H),
1.98 (m, 1 H), 2.44 (ddq, J = 11.6, 6.7, 3.2 Hz, 1 H), 2.46–2.58 (m, 4 H), 2.86 (dd, J = 15.3, 12.3
Hz, 1 H), 2.92 (s, 3 H), 3.22 (d, J = 16.7 Hz, 1 H), 3.41 (dd, J = 15.4, 4.4 Hz, 1 H), 3.62 (ddd,
J = 11.4, 4.0, 2.0 Hz, 1 H), 4.77 (dd, J = 16.7, 8.6 Hz, 1 H), 5.20 (m, 1 H), 5.49 (dd, J = 12.3,
4.4 Hz, 1 H), 6.34 (m, 1 H), 6.83 (m, 1 H), 7.05 (dd, J = 8.3, 2.0 Hz, 1 H), 7.48 (d, J = 2.0 Hz, 1
H) ppm. 13C-NMR (125 MHz, CDCl3): δ = 13.7, 14.4, 17.6, 18.4, 22.0, 25.8, 27.0, 30.9, 31.7,
31.8, 32.0, 32.7, 33.5, 34.4, 34.4, 39.1, 39.6, 43.0, 44.9, 58.0, 65.9, 72.6, 85.3, 115.2, 129.5, 130.2,
138.2, 154.3, 171.1, 172.0, 177.7 ppm. HRMS (ESI-ToF) calcd. for C31H50IN2O6S+ [M+H]+:
705.2429 found 705.2426.
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4.3.13. Synthesis of (3R,9S,11S,13R,14S,16R)-16-[3-(Benzylthio)propyl]-14
-hydroxy-3-(4-hydroxy-3-iodobenzyl)-4,9,11,13-tetramethyl-1-oxa-4,7-
diazacyclohexadecane-2,5,8-trione (11c)

According to the general procedure for thiol-ene click reactions, alkene 8b (18.8 mg,
30.6 μmol) was dissolved in anhydrous THF (306 μL, 0.1 M) and reacted with benzyl
mercaptan (7.17 μL, 61.2 μmol, 1.06 gml−1, 2.0 equiv), triethylborane (36.7 μL, 9.18 μmol,
0.3 equiv, 0.25 M in hexane) and air (0.4 mL) and stirred for 20 h. The obtained crude product
was subjected to reversed-phase chromatography (FlashPure Select C18, H2O:MeCN 90:10–
MeCN). Thioether 11c (12.5 mg, 16.9 μmol, 55%) was obtained as colorless powder after
lyophilization. [α]20

D = –6.7 (c = 1.0, CHCl3). 1H-NMR (500 MHz, CDCl3): δ = 0.83 (d, J = 6.7
Hz, 3 H), 0.95 (d, J = 6.1 Hz, 3 H), 1.02–1.09 (m, 3 H), 1.13 (d, J = 6.7 Hz, 3 H), 1.17 (m, 1 H),
1.29 (m, 1 H), 1.43 (m, 1 H), 1.48–1.59 (m, 3 H), 1.63 (m, 1 H), 1.71 (m, 1 H), 1.98 (m, 1 H),
2.39–2.47 (m, 3 H), 2.84 (dd, J = 15.4, 12.2 Hz, 1 H), 2.88 (s, 3 H), 3.22 (d, J = 16.6 Hz, 1 H),
3.38 (dd, J = 15.4, 4.4 Hz, 1 H), 3.60 (ddd, J = 11.4, 4.2, 2.0 Hz, 1 H), 3.71 (s, 2 H), 4.76 (dd, J
= 16.6, 8.7 Hz, 1 H), 5.16 (m, 1 H), 5.46 (dd, J = 12.2, 4.4 Hz, 1 H), 6.29 (d, J = 8.7 Hz, 1 H),
6.85 (d, J = 8.2 Hz, 1 H), 7.04 (dd, J = 8.2, 2.0 Hz, 1 H), 7.24 (m, 1 H), 7.29–7.34 (m, 4 H), 7.47
(d, J = 2.0 Hz, 1 H) ppm. 13C-NMR (125 MHz, CDCl3): δ = 14.4, 17.6, 18.4, 25.4, 27.0, 30.8,
31.0, 32.6, 33.5, 34.4, 34.4, 36.5, 39.1, 39.6, 43.0, 44.9, 58.0, 65.8, 72.6, 85.4, 115.2, 127.0, 128.5,
128.8, 129.6, 130.3, 138.1, 138.4, 154.2, 171.2, 171.9, 177.7 ppm. HRMS (ESI-ToF) calcd. for
C34H48IN2O6S+ [M+H]+: 739.2272 found 739.2298.

4.3.14. Synthesis of Ethyl 3-({3-[(3R,9S,11S,13R,14S,16R)-
14-hydroxy-3-(4-hydroxy-3-iodobenzyl)- 4,9,11,13-tetramethyl-2,5,8-trioxo-1-oxa-4,7-
diazacyclohexadecan-16-yl]propyl}-thio)propanoate (11d)

According to the general procedure for thiol-ene click reactions, alkene 8b (18.8 mg,
30.6 μmol) was dissolved in anhydrous THF (306 μL, 0.1 M) and reacted with ethyl 3-
mercaptopropanoate (7.75 μL, 61.2 μmol, 1.06 gml−1, 2.0 equiv), triethylborane (36.7 μL,
9.18 μmol, 0.3 equiv, 0.25 M in hexane) and air (0.4 mL). After stirring for 2 h, triethylborane
(36.7 μL, 9.18 μmol, 0.3 equiv, 0.25 M in hexane) was added and stirred for another 24 h.
The obtained crude product was subjected to reversed-phase chromatography (FlashPure
Select C18, H2O:MeCN 90:10–MeCN) and further purified by preparative HPLC (Luna
C18, H2O:MeCN 25:75–MeCN). Thioether 11d (19.2 mg, 25.6 μmol, 79%) was obtained as
colorless powder after lyophilization. [α]20

D = –8.5 (c = 1.0, CHCl3). 1H-NMR (500 MHz,
CDCl3): δ = 0.83 (d, J = 6.7 Hz, 3 H), 0.95 (d, J = 6.0 Hz, 3 H), 1.00–1.09 (m, 3 H), 1.12 (d,
J = 6.6 Hz, 3 H), 1.19 (m, 1 H), 1.27 (t, J = 7.2 Hz, 3 H), 1.33 (m, 1 H), 1.43–1.55 (m, 2 H),
1.56–1.71 (m, 3 H), 1.76 (m, 1 H), 1.85 (bs, 1 H), 1.98 (m, 1 H), 2.43 (m, 1 H), 2.55 (m, 2 H),
2.60 (t, J = 7.4 Hz, 2 H), 2.78 (t, J = 7.4 Hz, 2 H), 2.88 (dd, J = 15.3, 11.9 Hz, 1 H), 2.93 (s, 3 H),
3.22 (d, J = 16.5 Hz, 1 H), 3.41 (dd, J = 15.3, 4.0 Hz, 1 H), 3.62 (m, 1 H), 4.16 (q, J = 7.2 Hz,
2 H), 4.77 (dd, J = 16.5, 7.7 Hz, 1 H), 5.21 (m, 1 H), 5.48 (dd, J = 12.0, 4.2 Hz, 1 H), 6.33 (bs,
1 H), 6.84 (d, J = 8.2 Hz, 1 H), 7.06 (d, J = 7.9 Hz, 1 H), 7.50 (s, 1 H) ppm. 13C-NMR (125
MHz, CDCl3): δ = 14.2, 14.4, 17.6, 18.4, 25.6, 27.0, 27.0, 30.9, 31.7, 32.6, 33.5, 34.3, 34.4, 34.9,
39.1, 39.6, 43.0, 44.9, 58.1, 60.7, 65.9, 72.5, 85.2, 115.2, 129.6, 130.3, 138.2, 154.3, 171.2, 171.9,
172.0, 177.7 ppm. HRMS (ESI-ToF) calcd. for C32H50IN2O8S+ [M+H]+: 749.2327 found
749.2360.

4.3.15. Synthesis of 2-({3-[(3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-
(4-hydroxy-3-iodobenzyl)- 4,9,11,13-tetramethyl-2,5,8-trioxo-1-oxa-4,7-
diazacyclohexadecan-16-yl]propyl}-thio)acetic Acid (11e)

According to the general procedure for thiol-ene click reactions, alkene 8b (19.1 mg,
31.1 μmol) was dissolved in anhydrous THF (296 μL, 0.1 M) and reacted with 2-mercaptoacetic
acid (4.31 μL, 62.2 μmol, 1.33 gml−1, 2.0 equiv), triethylborane (37.3 μL, 9.32 μmol, 0.3 equiv,
0.25 M in hexane) and air (0.4 mL). After stirring for 2 h, triethylborane (37.3 μL, 9.32 μmol, 0.3
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equiv, 0.25 M in hexane) was added and stirred for another 18 h. The obtained crude product was
subjected to reversed-phase chromatography (FlashPure Select C18, H2O:MeCN 90:10–MeCN)
and further purified by preparative HPLC (Luna C18, H2O:MeCN 25:75–MeCN). Thioether 11e

(14.4 mg, 20.4 μmol, 66%) was obtained as colorless powder after lyophilization. [α]20
D = −11.5

(c = 1.0, CHCl3). 1H-NMR (500 MHz, CDCl3): δ = 0.84 (d, J = 6.7 Hz, 3 H), 0.94 (d, J = 6.0 Hz, 3
H), 1.03–1.11 (m, 3 H), 1.11–1.18 (m, J = 6.6 Hz, 4 H), 1.36 (m, 1 H), 1.44 (m, 1 H), 1.56 (m, 1 H),
1.60–1.77 (m, 3 H), 1.82 (m, 1 H), 1.99 (m, 1 H), 2.46 (ddq, J = 12.1, 6.6, 3.4 Hz, 1 H), 2.62 (m, 2
H), 2.86 (dd, J = 15.5, 12.1 Hz, 1 H), 2.98 (s, 3 H), 3.16 (d, J = 16.8 Hz, 1 H), 3.23 (s, 2 H), 3.40 (dd,
J = 15.4, 4.4 Hz, 1 H), 3.65 (ddd, J = 11.3, 4.1, 2.1 Hz, 1 H), 4.96 (dd, J = 16.8, 9.0 Hz, 1 H), 5.27 (m,
1 H), 5.55 (dd, J = 12.1, 4.4 Hz, 1 H), 6.72 (bs, 1 H), 6.84 (d, J = 8.2 Hz, 1 H), 7.04 (d, J = 8.4, 1.8 Hz,
1 H), 7.48 (d, J = 2.0 Hz, 1 H) ppm. 13C-NMR (125 MHz, CDCl3): δ = 14.2, 17.5, 18.3, 25.0, 26.9,
30.9, 31.9, 32.4, 33.4, 33.5, 34.3, 34.6, 39.2, 39.7, 42.9, 44.6, 57.7, 66.0, 72.1, 85.3, 115.2, 129.6, 130.3,
138.2, 154.3, 170.8, 171.8, 173.4, 178.5 ppm. HRMS (ESI-ToF) calcd. for C29H44IN2O6S+ [M+H]+:
707.1858 found 707.1884.

4.3.16. Synthesis of S-{3-[(3R,9S,11S,13R,14S,16R)-14-Hydroxy-3-(4-hydroxy-3-iodobenzyl)-
4,9,11,13-tetramethyl-2,5,8-trioxo-1-oxa-4,7-diazacyclohexadecan-16-yl]propyl}
ethanethioate (11f)

According to the general procedure for thiol-ene click reactions, alkene 8b (18.0 mg,
29.3 μmol) was dissolved in anhydrous THF (293 μL, 0.1 M) and reacted with thioacetic
acid (4.17 μL, 58.6 μmol, 1.07 gml−1, 2.0 equiv), triethylborane (35.1 μL, 8.79 μmol, 0.3
equiv, 0.25 M in hexane) and air (0.4 mL) and stirred for 20 h. The obtained crude product
was subjected to reversed-phase chromatography (FlashPure Select C18, H2O:MeCN 90:10–
MeCN). Thioether 11f (19.0 mg, 27.5 μmol, 94%) was obtained as colorless powder after
lyophilization. [α]20

D = −11.6 (c = 1.0, CHCl3). 1H-NMR (500 MHz, CDCl3): δ = 0.83 (d,
J = 6.7 Hz, 3 H), 0.95 (d, J = 6.1 Hz, 3 H), 1.00–1.09 (m, 3 H), 1.12 (d, J = 6.6 Hz, 3 H), 1.18 (m,
1 H), 1.32 (m, 1 H), 1.45 (m, 1 H), 1.52 (m, 1 H), 1.56–1.66 (m, 3 H), 1.72 (m, 1 H), 1.99 (m,
1 H), 2.34 (s, 3 H), 2.44 (m, 1 H), 2.85 (t, J = 6.8 Hz, 2 H), 2.89 (m, 1 H), 2.93 (s, 3 H), 3.22 (d,
J = 16.6 Hz, 1 H), 3.40 (dd, J = 15.4, 4.4 Hz, 1 H), 3.61 (ddd, J = 11.3, 4.0, 1.9 Hz, 1 H), 4.77
(dd, J = 16.8, 8.7 Hz, 1 H), 5.20 (m, 1 H), 5.48 (dd, J = 12.1, 4.3 Hz, 1 H), 6.33 (bs, 1 H), 6.74
(bs, 1 H), 6.83 (d, J = 8.4 Hz, 1 H), 7.06 (dd, J = 8.4, 1.8 Hz, 1 H), 7.49 (d, J = 1.8 Hz, 1 H) ppm.
13C-NMR (125 MHz, CDCl3): δ = 14.4, 17.6, 18.4, 25.9, 27.0, 28.7, 30.7, 30.9, 32.6, 33.6, 34.3,
34.4, 39.1, 39.6, 43.0, 44.9, 58.1, 65.8, 72.4, 85.3, 115.2, 129.6, 130.3, 138.2, 154.2, 171.2, 171.9,
177.7, 195.9 ppm. HRMS (ESI-ToF) calcd. for C29H44IN2O7S+ [M+H]+: 691.1908 found
691.1909.

4.4. Cytotoxicity Evaluation

The cell cultures were cultivated at 37 ◦C under an atmosphere containing 5% CO2.
Before usage, Dulbecco’s Modified Eagle Medium (DMEM) from Gibco (Thermo Fisher
Scientific) was supplemented with 10% fetal bovine serum (FBS) from Gibco. Cells were
used between passage 5 and 30 and were split separately for at least two passages to obtain
biological repeats. Cells were washed with PBS and 0.5 mL trypsin was added before
treatment. Cells were then incubated for 5 min before adding 10 mL medium containing
10% FBS. Per well, 120 μL cell suspension 5 × 104 cells/mL (CHO-K1, HCT-116. U-2 OS,
KB3.1) or 1 × 105 cells/mL (HepG2) cells were seeded in transparent 96-well cell bind
plate and incubated for 2 h at 37 ◦C and an atmosphere of 5% CO2. Each compound was
tested in a serial dilution so that the starting concentration is 111 μg/mL, which is diluted
by 1:3 as well as the internal solvent control prepared in DMEM with 10% FBS. After 5 d
incubation at 37 ◦C and an atmosphere of 5% CO2, 20 μL of 5 mg/mL MTT (thiazolyl blue
tetrazolium bromide) in PBS was added per well and cells were further incubated until
coloration of the cells. The medium was then discarded and 100 μL 2-propanol/10 N HCl
(250:1) added to the cells. The plates were analyzed by measuring the absorbance at 570 nm
and 630 nm as reference using a microplate reader Infinite® 200 Pro from Tecan (Männedorf,
Switzerland). Absorption is then converted to cell viability expressed as percentage relative
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to the respective solvent control. The calculated percentage of growth inhibition were
determined by sigmoidal curve fitting using GraphPad (Boston, MA, USA) Prism software
(version 10.0.2). Two independent measurements were generated for mean and standard
deviation.

5. Conclusions

We have successfully synthesized a variety of doliculide derivates with focus on late-
stage modification at the terminal position of the polyketide fragment. The incorporation
of an alkene as well as an alkyne moiety during the last step of the Matteson homologation
allowed us to accomplish modifications via cycloadditions, Sonogashira couplings, and
thiol-ene click reactions. The more polar derivatives generally led to a decreased activity.
Apart from one synthesized derivative, all modifications at the i-Pr moiety presented herein
led to inactivity against HepG2.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md22040165/s1, 1H and 13C NMR spectra of compounds 2–11.
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Abstract: The skin of fish is a physicochemical barrier that is characterized by being formed by
cells that secrete molecules responsible for the first defense against pathogenic organisms. In this
study, the biological activity of peptides from mucus of Seriola lalandi and Seriolella violacea were
identified and characterized. To this purpose, peptide extraction was carried out from epidermal
mucus samples of juveniles of both species, using chromatographic strategies for purification. Then,
the peptide extracts were characterized to obtain the amino acid sequence by mass spectrometry.
Using bioinformatics tools for predicting antimicrobial and antioxidant activity, 12 peptides were
selected that were chemically produced by simultaneous synthesis using the Fmoc-Tbu strategy.
The results revealed that the synthetic peptides presented a random coil or extended secondary
structure. The analysis of antimicrobial activity allowed it to be discriminated that four peptides,
named by their synthesis code 5065, 5069, 5070, and 5076, had the ability to inhibit the growth of
Vibrio anguillarum and affected the copepodite stage of C. rogercresseyi. On the other hand, peptides
5066, 5067, 5070, and 5077 had the highest antioxidant capacity. Finally, peptides 5067, 5069, 5070,
and 5076 were the most effective for inducing respiratory burst in fish leukocytes. The analysis of
association between composition and biological function revealed that the antimicrobial activity
depended on the presence of basic and aromatic amino acids, while the presence of cysteine residues
increased the antioxidant activity of the peptides. Additionally, it was observed that those peptides
that presented the highest antimicrobial capacity were those that also stimulated respiratory burst
in leukocytes. This is the first work that demonstrates the presence of functional peptides in the
epidermal mucus of Chilean marine fish, which provide different biological properties when the fish
face opportunistic pathogens.

Keywords: mucus; peptide; Seriola lalandi; Seriolella violacea; antimicrobial; antioxidant; respiratory
burst
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1. Introduction

In Chile, spearheading initiatives, such as the Chilean Aquaculture Diversification
Programs (PDACH), have actively fostered the commercial farming of native species such
as Seriola lalandi (yellowtail kingfish) and Seriolella violacea (palm ruff) because of their fast
growth, adaptability to various growing conditions, and good commercial value [1–4].
Indeed, it becomes imperative to proactively address health concerns as these species un-
dergo intensive cultivation and aquaculture practices intensify the inherent risks associated
with disease proliferation.

While wild fish commonly bear a burden of parasites, the controlled environment
of aquaculture tends to exacerbate this exponentially. This heightened parasite presence
adversely affects the immune system, predisposing the fish to secondary infections caused
by bacteria, viruses, and fungi [5]. Specifically focusing on S. lalandi, parasites such as
Caligus lalandei and Zeuxapta seriousolae have been identified, residing in the gills and
skin, respectively [6]. Moreover, the intensification of aquaculture practices creates a
conducive environment for the proliferation of bacteria belonging to the genus Vibrio.
These microorganisms, known for their ability to independently grow and reproduce in
water, pose a significant threat to the health of cultivated species [7,8]. Indeed, in the
cultivation of yellowtail kingfish in China, the emergence of shoots affected by vibriosis-
related diseases has been documented [6].

The fish tegument, comprising layers like the cuticle, epidermis, basal membrane, der-
mis, and hypodermis, acts as a defensive barrier [9,10]. The cuticle, derived from secretions
of epithelial and calciform cells, contains mucopolysaccharides, specific immunoglobulins,
and fatty acids [11]. The epidermis, a non-keratinized stratified flat epithelium, is primarily
cellular in structure [10]. Playing a crucial role in superficial wound repair, the skin and
mucus collaborate in the healing process. Immediately following an injury, mucus laden
with numerous lymphocytes covers the wound [9]. Subsequently, marginal wound cells
proliferate, forming a protective layer that gradually completes the healing process [9].
Mucus secretions, encompassing proteins like mucin glycoproteins, agglutinins, reactive
C protein, immunoglobulins (IgM), and enzymes, such as peroxidase, serve as physical
protectors and immunological effectors [12]. Additionally, the mucus contains energetic
molecules providing information on glucose metabolism and the internal metabolic state of
the animals. It also contains molecules related to protein metabolism and defense against
infections, including antimicrobial peptides [13]. Studies on marine species like juvenile
gilthead sea bream, European sea bass, and meagre have demonstrated the antimicrobial
activity of mucus [13]. However, a more in-depth knowledge of the specific molecules
within epidermal mucus is essential to identify their role as a defense mechanism against
pathogens and to assess the overall health of the fish. Peptides constitute a significant
category of bioactive molecules [14].

Among the extensively studied peptides in diverse animal species are antimicrobial
peptides (AMPs), also recognized as host defense peptides (HDPs) [15,16]. Characterized
by their small size (less than 10 kDa), AMPs can either be encoded in the genome or
generated through the proteolysis of larger polypeptides [17]. They are highly conserved
and are produced across a spectrum of organisms, ranging from higher vertebrates to
plants [16], with their expression identified in tissues of organs such as the kidney, skin,
gills, and intestine. The amino acid sequence of each peptide imparts distinct biological
properties, and some peptides exhibit multifunctionality [18]. HDPs may possess antioxi-
dant, antihypertensive, immunomodulatory, antimicrobial, antifungal, and anticoagulant
properties [18]. In teleost fish, 19 peptide families with antimicrobial, immunomodulatory,
and/or antioxidant activities have been identified. These peptides demonstrate diverse
secondary structures, contributing to their multifunctionality and versatility in biological
activities [16].

This work focuses on the identification and characterization of peptides derived from
the epidermal mucous secretions of aquaculture species, specifically S. Lalandi and S.
violacea. After successful identification, these peptides were chemically synthesized and
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their antimicrobial and antioxidant properties and the ability to regulate respiratory burst
in fish leukocytes were systematically assessed. The main objective of this comprehensive
approach is to deepen the understanding of protective capacities inherent in these peptides
sourced from fish mucus, with a vision towards their potential utilization as novel marine
drugs, leveraging their multifunctional properties.

2. Results

2.1. Identification and Characterization of Peptides in Epidermal Mucus of S. lalandi and
S. violacea

The peptidomic analysis identified a total of 237 peptides in the mucus of S. violacea
and 52 peptides for S. lalandi. The obtained peptide sequences were input into online
databases equipped with algorithms that evaluate net charge, amphipathicity, presence
of basic amino acids like lysine and arginine, and the presence of amino acids such as
tryptophan and cysteine. Following this theoretical comprehensive analysis, 12 peptides
were selected to investigate in vitro activity, as detailed in Table 1.

Table 1. Characterization of chemically synthesized peptides identified from fish epidermal mucus.

Peptide ID Residue Fish Specie MW * (Da) Sequence RT * (min)

5065 8 Seriolella violacea 977.29 FGVKWVKN 5.5
5066 9 Seriolella violacea 905.11 CTAGETAPR 4.0
5067 9 Seriolella violacea 1038.31 CTKGETFPR 5.0
5068 10 Seriola lalandi 1087.35 SRSALSLRTP 5.5
5069 10 Seriola lalandi 1186.49 SRSALWLRTP 5.8
5070 10 Seriola lalandi 1092.46 LGKFKGRSPC 5.8
5076 9 Seriola lalandi 974.28 LGLFKGRSP 5.5
5077 9 Seriola lalandi 1064.38 AERLTPCFK 5.6
5078 8 Seriola lalandi 904.12 AERLTPAF 5.8
5079 9 Seriolella violacea 1042.32 KWTGNLAPR 5.4
5080 9 Seriolella violacea 943.18 KSTGNLAPR 4.3
5081 8 Seriolella violacea 890.21 FGVKVVKN 5.0

* MW: molecular weight; RT: retention time.

The selected peptides underwent chemical synthesis to validate their biological activity.
Each peptide was assigned a synthesis code, as outlined in Table 1. To ensure correct
synthesis and purity, mass chromatograms and reverse-phase HPLC spectra were recorded
(Supplementary Figures S1 and S2). During the analysis, the retention time (RT) was
compared, revealing that peptides with numbers 5069, 5070, and 5078 exhibited the highest
hydrophobicity with an RT of 5.8 min. Conversely, peptides 5066 and 5080, with retention
times of 4.0 and 4.3 min, respectively, were identified as the most hydrophilic (Table 1).

In silico modeling indicated that none of the peptides exhibited a defined secondary
structure, implying the absence of α-helix or β-sheets (Figure 1 and Supplementary
Figure S3). This finding was corroborated by CD analysis for four of the peptides (Figure 1),
which showed characteristic spectra with a minimum between 190 and 200 nm, indicative
of peptides with a random coil structure.
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Figure 1. Characterization of secondary structure of peptides. Spectra of circular dichroism for
peptides (A) 5065; (B) 5069; (C) 5070; and (D) 5076 in 30% v/v trifluoroethanol in water (left). On the
right, 3D-structure model of peptides.

2.2. Antimicrobial Activity of Peptides Identified in the Mucus of S. lalandi and S. violacea

To conduct an initial screening of the antibacterial activity of the 12 synthesized
peptides, their capacity to inhibit the growth of Escherichia coli at a concentration of 100 μM
was assessed. The results indicated that peptides 5069, 5076, 5065, and 5070 were the
greatest inhibitors of E. coli growth (Figure 2). Conversely, the remaining peptides exhibited
similar or higher bacterial growth compared to the untreated control.
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Figure 2. Antibacterial activity of synthetic peptides identified in the mucus of S. lalandi and S.
violacea against Escherichia coli. The growth of E. coli is expressed in colony-forming units (CFU/mL)
after application of 100 μM of synthetic peptides. As a negative control (C−) culture media without
bacterial inoculum was used. Positive control (C+) was growth of E. coli without treatment. Treatment
with gentamicin was used as positive antibacterial activity (G). Significant differences with respect to
C+ are indicated with a different letter (p > 0.05).

For the four peptides that showed activity, MIC was determined for three bacterial
strains (Table 2). Peptide 5065 exhibited an MIC of 6.25 μM against V. ordalii, 12.5 μM
against V. anguillarum, and 25 μM against E. coli. Peptide 5069 had the same MIC of
12.5 μM for the two Vibrio strains and 25 μM against E. coli. Finally, peptides 5070 and
5076 shared the same MIC of 25 μM against all bacteria, with the exception that peptide
5076 exhibited no activity against V. anguillarum at the maximum peptide concentration
tested here (100 μM).

Table 2. Minimum inhibitory concentration (MIC) of selected peptides against bacterial strains.

Peptide
MIC (μM)

Vibrio anguillarum Vibrio ordalii Escherichia coli

5065 12.5 6.25 25

5069 12.5 12.5 25

5070 25 25 25

5076 >100 25 25

For the peptides exhibiting antibacterial activity, their antiparasitic efficacy against
the ectoparasite C. rogercresseyi was investigated. The activity was assessed after 48 h
(Figure 3A) and 96 h (Figure 3B) of exposing C. rogercresseyi copepods to the synthetic
peptides at concentrations of 50 μM and 150 μM. The results showed that, after 48 h,
peptides 5069 and 5079 successfully reduced the survival percentage of C. rogercresseyi
copepods but only at a concentration of 150 μM. Meanwhile, at 96 h post-exposure, peptides
5069, 5070, and 5079 exhibited antiparasitic activity at both concentrations evaluated.
Notably, peptides 5069 and 5079 achieved almost 100% effectiveness at 50 μM. It was also
observed that peptide 5065 only exhibited activity at 150 μM (Figure 3).

104



Mar. Drugs 2024, 22, 248

Figure 3. Antiparasitic activity of synthetic peptides against copepodite stage of C. rogercresseyi.
Affected parasites was expressed as a percentage. The effect of the peptides at 50 and 150 μM on the
copepodite stage was evaluated at (A) 48 h and (B) 96 h. Seawater-only conditions were employed as
the control for copepodite survival. Statistically significant differences from the control are indicated
by distinct letters (p > 0.05).

2.3. Antioxidant Activity of Peptides Identified in the Mucus of S. lalandi and S. violacea

Often, the term “antimicrobial” falls short in describing the diverse range of properties
exhibited by peptides derived from natural sources, as novel functionalities continue to be
unveiled. Hence, in our research, we extend our investigation to encompass the assessment
of the antioxidant capabilities of these molecules as well. The antioxidant activity of the
synthetic peptides was assessed using the DPPH and TRAP methods, with a comparison
to the antioxidant capacity of a control peptide 4340 of marine origin [19] at the same
concentration. The results from both assays are summarized in Table 3.

Table 3. Evaluation of antioxidant activity in synthetic peptides by DPPH and TRAP methods.

Peptide ID DPPH (%RSC) TRAP (TEAC μM)

5065 6.883 ± 1.204 7.078 ± 0.914
5066 13.693 ± 0.848 * 15.845 ± 0.043
5067 31.031 ± 1.233 *** 53.164 ± 3.251 **
5068 3.480 ± 0.315 N.D.
5069 4.564 ± 0.695 6.428 ± 0.998
5070 11.202 ± 0.388 * 53.249 ± 4.597 **
5076 2.048 ± 0.102 0.813 ± 0.358
5077 16.509 ± 0.723 ** 91.621 ± 7.722 ***
5078 3.416 ± 0.367 3.376 ± 0.156
5079 3.526 ± 1.060 5.544 ± 0.355
5080 2.454 ± 0.704 2.137 ± 0.094
5081 5.084 ± 1.051 2.287 ± 0.536
4340 5.479 ± 0.630 10.020 ± 0.010

%RSC = radical scavenging capacity percentage values; TEAC = equivalent antioxidant capacity of TROLOX;
N.D. = not determined. 4340 = reference antioxidant peptide (GPEPTGPTGAPQWLR). * p < 0.05; ** p < 0.01;
*** p < 0.001.

105



Mar. Drugs 2024, 22, 248

For the DPPH method, peptides 5065 and 5081 exhibited similar activity to the control
peptide. Conversely, peptides 5066, 5067, 5070, and 5077 demonstrated the highest antioxi-
dant activity (p > 0.001). Among these four peptides, 5067 was the most effective, showing
five times higher antioxidant activity than the control peptide, with a percentage radical
scavenging value (%RSC) of 31.03%, compared to 5.48% for 4340 (p > 0.001). The remaining
peptides did not display significant activity.

In the TRAP method, once again, peptides 5066, 5067, 5070, and 5077 showcased the
highest antioxidant activity, with 5067 and 5077 exhibiting 10 times higher antioxidant ac-
tivity than the control peptide 4340 (p > 0.001). The other peptides evaluated demonstrated
very low activity, and even the activity of peptide 5068 was below the detection limit of
the test.

2.4. The Respiratory Burst Stimulation Capacity of Leukocytes by Peptides from S. lalandi and
S. violacea

The peptides demonstrating the highest antimicrobial and antioxidant activity were
chosen to investigate their potential modulation of respiratory burst in fish leukocytes.
Primary cultures of the anterior kidney were employed for this purpose.

The results are presented in terms of the stimulation index, representing the fold
change compared to the unstimulated control. Peptide treatments were compared against
the positive control (PMA-stimulated cells). The results indicate that peptides 5067 at a
concentration of 100 μM, 5070 at 50 μM, and 5076 at 50 μM exhibited a respiratory burst
stimulation similar to the positive control (p > 0.05). Additionally, peptides 5069 at 50 μM
and 5076 at 100 and 200 μM demonstrated the most substantial stimulation of respiratory
burst (p > 0.05) (Figure 4).

Figure 4. Effect of synthetic peptides on the activation of the respiratory burst process of anterior
kidney leukocytes. Respiratory burst stimulation index of leukocytes treated with phosphate buffered
saline (C−), Phorbol 12-myristate 13-acetate (PMA), and synthetic peptides (5065–5077) at three
different concentrations (50, 100, and 200 μM) at 22 ◦C. Significant differences are indicated in
different letters (p > 0.05).

3. Discussion

AMPs play a crucial role as innate immune system mediators in fish, particularly in
protecting the mucosa of teleost [16]. This research conducted on the epidermal mucus
of the marine fish species Seriola lalandi and Seriolella violacea identified and synthesized
12 peptides that were subsequently subjected to functional properties assessment.

Because fish mucus may contain compounds originating from the coexisting microbial
community, directly attributing the identified sequences to the hosts is challenging. Regard-
ing the observed homology in the blast search, it is crucial to consider that the sequences
are relatively short, making matches easily identifiable. Very few peptides exhibit 100%
identity in blast searches. Furthermore, when the blast excludes bacterial taxa, similar levels
of homology are observed with other organisms such as plants, insects, fungi, parasites,
and crustaceans. Similarly, restricting the search to teleost taxa (teleost fishes (taxid: 32443))
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yields comparable results, with identity percentages falling within the same range as the
previous searches. To conclusively determine whether the peptides correspond to the
specific species we studied, data from the genomes, transcriptomes, or proteomes of these
species are necessary.

Table 4 summarizes the proposed biological activities based on bioinformatics tools
and the experimental outcomes for the 12 peptides identified in the epidermal mucus
of S. lalandi and S. violacea. Among them, peptide 5070 was the one having the most
robust functional properties, encompassing antibacterial, antiparasitic, antioxidant, and
respiratory burst increasing. It was followed by peptides 5069 (antibacterial, antiparasitic,
and respiratory burst increasing) and 5065 (antibacterial, antiparasitic, and antioxidant),
while other peptides did not exhibit the analyzed activities.

Table 4. Summary and comparative analysis of simulated and experimentally determined biological
activities for synthesized peptides.

Peptide ID Fish Specie Sequence
Theoretical

Activity
Proven Biological

Activity

5065 Seriolella violacea FGVKWVKN AM AB/AOX/AP
5066 Seriolella violacea CTAGETAPR AM/AOX AOX
5067 Seriolella violacea CTKGETFPR AM/AOX AOX/IM
5068 Seriola lalandi SRSALSLRTP AM N.D.
5069 Seriola lalandi SRSALWLRTP AM AB/AP/IM
5070 Seriola lalandi LGKFKGRSPC AM AB/AOX/AP/IM
5076 Seriola lalandi LGLFKGRSP AM AB/IM
5077 Seriola lalandi AERLTPCFK AM AOX
5078 Seriola lalandi AERLTPAF AM/AOX N.D.
5079 Seriolella violacea KWTGNLAPR AM/AOX AP
5080 Seriolella violacea KSTGNLAPR AM/AOX N.D.
5081 Seriolella violacea FGVKVVKN AM/AOX AOX

AM: antimicrobial activity; AOX: antioxidant activity; B: antibacterial activity; AP: antiparasitic activity;
IM: immunomodulatory activity; N.D. = not determined.

The examination of results from antimicrobial, antioxidant, and respiratory burst tests
in leukocytes provides insights into amino acid composition patterns associated with the
functional roles these molecules play in the mucus secretions of teleost fish. This analysis
aids in understanding the specific contributions of these peptides to the innate immune
system and overall health status of the fish species under study.

The observed correlation between antibacterial activity and the abundance of lysine
(K), arginine (R), or glycine (G) residues in the peptide sequences aligns with previous re-
search findings. In fact, studies on peptides, particularly those belonging to the cathelicidin
family, have highlighted that an increased presence of these amino acids enhances antimi-
crobial efficacy. For instance, the CATH-BRALE peptide from the fish Brachymystax lenok,
rich in R and G residues, was a potent inhibitor of the Gram-negative bacteria Aeromonas
salmonicida and Aeromonas hydrophila, with a low MIC value of 9.38 μM [20]. Similarly, pep-
tides such as As-CATH4 and As-CATH5 from the cathelicidin family have shown enhanced
survival against antibiotic-resistant pathogens in the Chinese crab Eriocheir sinensis [21].

The presence of basic amino acids in the sequences of AMPs is closely linked to
antibacterial mechanisms, primarily involving electrostatic interactions between these
cationic residues and the anionic surface of the bacterial membranes [22]. This relationship
has been established for fish AMPs, exemplified by peptides like omIL-8α and ssIL-8α.
These peptides, rich in basic amino acids, were studied by Santana et al. [23], demonstrating
that their antibacterial action involves accumulation on bacterial surfaces followed by
membrane permeabilization. While further investigation is required to unravel the exact
mechanisms employed by the newly identified AMPs from the mucus of S. lalandi and
S. violacea, the presence of basic amino acids in their composition suggests a potential
involvement in membrane interactions as part of their antibacterial action. Therefore, the
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specific amino acid composition and secondary structure play a crucial role in determining
the antimicrobial action of peptides.

The secondary structures, including alpha-helix or beta-sheet formations, are also
important factors influencing how peptides interact with bacterial membranes or other
targets, leading to their antimicrobial effects. Indeed, the presence of cysteine residues can
contribute to antibacterial activity in certain peptides. Cysteine residues are unique among
the amino acids because they contain a thiol group (-SH) that can form disulfide bonds with
another cysteine residue. This capability to form disulfide bonds allows peptides to adopt
specific structural conformations, such as stabilized beta-sheet structures [24]. For instance,
a family of AMPs known as hepcidins, characterized by the presence of eight cysteine
residues, includes peptides like HEP2p (GMKCKFCCNCCNLNGCGVCCRF) isolated from
the flatfish turbot (Scophthalmus maximus). HEP2p has exhibited strong activity against
Gram-negative bacteria such as Edwardsiella tarda (MIC = 1 μM) and Vibrio anguillarum
(MIC = 2 μM). Administration of HEP2p in turbot increased its survival against V. anguil-
larum infections [25]. In the present study, none of the peptides exhibiting antibacterial
activity against the tested strains, contain disulfide bridges. Additionally, the only pep-
tide containing a single cysteine residue in its sequence (5070: LGKFKGRSPC) exhibits
a random coil structure, as determined by both in silico analysis and circular dichroism
spectroscopy. Therefore, the presence of certain amino acids, along with the arrangement of
them in the peptide sequence, contribute to their antimicrobial properties [26,27]. Moreover,
the presence of cysteine residues may promote dimerization, potentially enhancing its
antimicrobial potency, as evidenced in previous investigations. Nevertheless, more studies
are necessary to evaluate the influence of dimer formation on the antibacterial efficacy of
the 5070 peptide.

In this investigation, we employed Caligus rogerresseyi as a model to assess activity
against parasites due to the absence of established methods for the S. lalandi or S. violacea
species. The ability of certain peptides to exhibit antiparasitic activity against C. rogercresseyi
is an interesting finding. The presence of basic amino acids, such as lysine and arginine,
can contribute to the antiparasitic action of peptides, similar to their role in antibacterial
activities. However, the obtained results regarding the presence of aromatic amino acids,
such as tryptophan in peptide 5079, highlight the diversity of factors that can influence
the functional properties of these peptides. Aromatic amino acids, like tryptophan and
phenylalanine, can contribute to the hydrophobicity and structural stability of peptides.
This aspect gains relevance in the context of antiparasitic activity, exemplified by fish AMPs
like piscidin, which contain tryptophan and histidine in its sequence [28,29]. Interestingly,
the peptide 5079 lacks antibacterial activity but still exhibits antiparasitic activity, which
suggests that it might have multiple modes of action or specific interactions with the par-
asite that are distinct from its antibacterial mechanisms. Understanding the mechanism
of action of peptides against ectoparasites is crucial for developing targeted and effective
treatments. Unraveling how these peptides interact with and affect ectoparasites could
provide valuable insights into their potential as therapeutic agents. Future research ef-
forts should involve detailed studies on the molecular and cellular interactions between
these peptides and ectoparasites. Overall, this study provides valuable insights into the
multifunctional roles of these peptides in the antimicrobial defense mechanisms of fish,
encompassing antibacterial, antiparasitic, and potentially other pathogen-killing activities.

Beyond their antimicrobial activity, AMPs can also act as signaling and chemotactic
molecules, serving as a link between immune and adaptive responses [30]. When phago-
cytes encounter a pathogen, membrane perturbation and phagocytosis can occur, triggering
the respiratory burst and subsequent cellular activation. As described by Zughaier et al. [30],
the formation of phagolysosomes and subsequent degranulation lead to the rapid release
of these molecules into the phagocytic vacuole or the extracellular fluid. In such scenarios,
AMPs can neutralize endotoxin-induced release of cellular cytokinins and nitric oxide.
Therefore, inside phagocytes, AMPs enhance respiratory burst in leukocytes, promoting
an increased release of reactive oxygen species (ROS). It is interesting to note that, in the
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present study, the peptides that stimulated respiratory burst, specifically peptides 5069,
5070, and 5079, were also the ones exhibiting potent antimicrobial activity. Similar findings
have been reported for peptides derived from cathelicidins, such as HR-CATH identified
in the tiger frog (Hoplobatrachus rugulosus). This peptide not only exhibited antibacterial
activity against Vibrio parahaemolyticus, Staphylococcus aureus, and Aeromonas hydrophila
but also induced increased chemotaxis and respiratory burst in RAW264.7 cells (a mouse
leukemic monocyte/macrophage cell line) [31].

An additional example is the peptide NKHS27 derived from the seven-banded grouper
(Hyporthodus septemfasciatus), which exhibited activity against both Gram-negative and
Gram-positive bacteria. When applied in macrophage cultures, it not only demonstrated
antimicrobial properties but also triggered respiratory burst in these cells. Moreover,
NKHS27 positively influenced the expression of genes associated with the cellular im-
mune response [32]. Similarly, the AMP LEAP-2A, identified in the liver of the cyprinid
Hemibarbus labeo, demonstrated significant proinflammatory effects when combined with
lipopolysaccharide (LPS) or phorbol 12-myristate 13-acetate (PMA). This combination
induced a robust proinflammatory response in leukocytes, involving heightened activity
of inducible nitric oxide synthase (iNOS), respiratory burst, and the proinflammatory
cytokines IFN-γ, TNF-α, and IL-1β, as observed by Chen et al. [33]. This underscores
that certain PAMs with antimicrobial activity can also modulate cellular responses in
leukocytes, contributing to the elimination of pathogens, including the stimulation of
respiratory burst, a mechanism observed in some peptides identified in the mucus of S.
lalandi and S. violacea in the present study. This suggests a potential link between the ability
to enhance the immune response (respiratory burst) and the peptides’ effectiveness in
combating microbial threats. The co-ordination of these two activities may contribute to a
robust defense mechanism against pathogens. Further research should explore the specific
mechanisms underlying this correlation and shed light on the multifaceted roles of these
peptides in the immune response. Up to this point, AMPs that have been characterized as
“immunomodulatory” have not revealed a straightforward correlation between their amino
acid composition and the regulatory function of proinflammatory leukocyte responses.
Consequently, this remains an area that requires further investigation to unravel the pre-
cise mechanisms by which these peptides stimulate and modulate immune cells, such as
cytokines up-regulation.

Antioxidants play a crucial role in mitigating oxidative stress by neutralizing harmful
free radicals within the fish body, including mucosal tissues. In the realm of immune
enhancement, these antioxidant molecules function to safeguard immune cells from ox-
idative damage, thereby promoting their optimal functionality. Peptides, known for their
diverse biological activities, particularly those rich in aromatic amino acid residues such as
tyrosine (Y), histidine (H), tryptophan (W), and phenylalanine (F), have been implicated in
contributing to antioxidant properties [34]. Amino acids featuring aromatic rings in their
side chains act as hydrogen donors to electron-deficient radicals, enhancing the capacity to
eliminate free radicals. For instance, histidine and tryptophan residues donate hydrogen
atoms, effectively eliminating radicals and forming stabilized indole or phenoxy radicals,
thereby establishing a conjugated electron system [35].

Peptides derived from marine fish, such as the peptides LHY and GAWA isolated
from the Spanish sardine (Sardinella aurita), and those rich in phenylalanine and tryptophan
obtained from whey protein hydrolysates have demonstrated antioxidant properties [34].
The present study aligns with this evidence, emphasizing the importance of aromatic amino
acids for the antioxidant activity of peptides from the epidermal mucus of S. lalandi and S.
violacea. Notably, the inclusion of cysteine in the sequences of antioxidant antimicrobial
peptides further enhanced their efficacy. This is apparent in the case of peptides exhibiting
high in vitro antioxidant capacity (5066, 5067, 5070, and 5077), as they not only contain
aromatic amino acids but also feature a cysteine residue.

The antioxidant potential of cysteine residues in proteins and peptides stems from the
sulfhydryl group in their side chain (–SH), possessing hydrogen-donating capacity against
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free radicals. Free radicals accept a hydrogen atom from the –SH group, transforming it into
–S. This radical subsequently reacts with another -S or oxygen, converting into disulfide or
alkylene sulfide (-SS-o SO2), thereby concluding the free radical chain reaction [36]. Hence,
cysteine is regarded as essential for antioxidant activity due to its remarkable capability to
neutralize free radicals. For instance, research conducted with peptides isolated from horse
mackerel (Magalaspis cordyla) identified the ACFL peptide sequence, which exhibited potent
DPPH activity [36]. Other fish-derived peptides, such as TCSP from Pacific cod (Gadus
macrocehalus), have demonstrated the ability to eliminate intracellular reactive oxygen
species (ROS), protect DNA from oxidative damage, and significantly enhance cell viability
under oxidative stress [37]. Additionally, two peptides identified in Decapterus maruadsi,
a fish from the Carangidae family, displayed robust antioxidant activity, attributed to
the presence of cysteines in their composition, functioning similarly to glutathione [38].
Therefore, the antioxidant peptides identified in the mucus of S. lalandi and S. violacea play
a crucial role in managing free radicals within the mucus membranes of these fish.

4. Materials and Methods

4.1. Mucus Sampling from S. lalandi and S. violacea Juveniles

The mucus samples from juvenile S. lalandi and S. violacea were collected from
1-year-old individuals cultivated in the marine fish culture laboratory of the Universi-
dad Católica del Norte. Initially, mucus was obtained from the fish cuticle by gently sliding
and collecting it in a 50 mL tube, which was kept on ice throughout the process. The
collected samples were then preserved at −80 ◦C until further use.

The mucus samples were thawed on ice and then homogenized using Mini-Beadbeater-
24 Biospec equipment (Houston, TX, USA). The mucus was homogenized in a lysis buffer
(50 mM TRIS-HCl 10 mM EDTA, pH 8.0) containing a commercial protease inhibitor
(Sigma-Aldrich, Tokyo, Japan). Subsequently, the homogenized mixture was centrifuged at
3000× g for 5 min at 4 ◦C. The resulting supernatant was further centrifuged at 12,000× g
for 10 min at 4 ◦C and stored at −20 ◦C until analysis.

For the isolation of peptide fractions, reverse-phase C-18 chromatographic columns
(Themofisher, Tokyo, Japan) were utilized. The low-molecular-weight peptides (less than
10 kDa) were eluted with 10%, 20%, and 30% acetonitrile (ACN) in water [39]. Following
elution, the samples were processed in SPEED-VAC equipment to remove organic solvents
and subsequently lyophilized for further analysis.

4.2. Peptidomics Analysis

The peptide-enriched extracts from two mucus pools (100 μg lyophilized) for each
fish species were subjected to analysis. The samples were suspended in 8 M urea in 50 mM
NH4HCO3 and sonicated in an ultrasonic bath. Peptide quantification was carried out using
the PierceTM Protein test. Subsequently, 10 μg of the peptide extracts underwent reduction
(20 mM DTT in NH4HCO3 50 mM; 60 min, 32 ◦C) and alkylation (55 mM iodoacetamide in
NH4HCO3 50 mM; 25 ◦C, 30 min, in the dark).

The resulting peptide mixtures were purified using a C18 tip (Polylcinc.) following the
manufacturer’s protocol. Finally, the peptide solution was dried and stored at −20 ◦C for
subsequent LC-MS/MS analysis. The elution gradient for peptides involved a progression
from 1% to 40% acetonitrile (ACN) over 60 min, followed by an increase from 40% to 60%
ACN in water by 10 min, with a flow rate of 250 mL/min. The masses and sequences of
the peptides were determined using an LTQ-Orbitrap Velos mass spectrometer (Thermo
Scientific, Markham, ON, Canada).

4.3. Bioinformatics Analysis

The peptide sequences were submitted to online databases utilizing predictive algo-
rithms to theoretically categorize the biological activities of the peptides identified from
fish mucus. The antimicrobial activity was assessed at https://aps.unmc.edu/preddiction/
predict (accessed on 15 June 2023), while potential antioxidant properties were evaluated
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using http://lin.uestc.edu.cn/server/antioxipred (accessed on 15 June 2023). Moreover,
putative secondary structure models of selected peptides were examined using the PEP-
FOLD3 web server (http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3, ac-
cessed on 16 June 2023) as outlined by Lamiable et al. [40]. Following the selection of the
optimal model, the 3D structure of each peptide was constructed using PyMOL.

4.4. Solid-Phase Chemical Synthesis of Selected Peptides

In this study, 12 peptides with potential antimicrobial and antioxidant activities (refer
to Table 1) were synthesized using a solid-phase synthesis strategy, employing rink-amide
resin with a substitution degree of 0.6 meq/g. Throughout the coupling stages, Fmoc amino
acids were attached using HBTU (2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate) and TBTU (2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate) as activators.

Following synthesis, the peptides were cleaved from the resin using a trifluoroacetic
acid/triisopropylhydrosilane (TIS)/water mixture in a 95:2.5:2.5 ratio. The resulting pep-
tides were precipitated with diethyl ether, reconstituted in Milli-Q water, and subjected to
lyophilization. Purification was achieved using a C18 column and an acetonitrile gradient
from 0 to 60% in water.

The purity, exceeding 95%, and the molecular masses of the synthetic peptides were
confirmed through reverse-phase high-performance liquid chromatography (RP-HPLC)
and electrospray ionization mass spectrometry (ESI-MS), respectively.

The secondary structure analysis of the synthetic peptides was conducted via circular
dichroism (CD) spectroscopy using a JASCO J-815 CD Spectrometer (Jasco Corp., Tokyo,
Japan), following previously established procedures [4]. CD spectra of the peptides were
acquired in both Milli-Q water and trifluoroethanol (TFE, 30% v/v in water) within the far
ultraviolet (UV) range (190–250 nm). Quartz cuvettes with a path length of 0.1 cm and a
bandwidth of 1 nm were utilized, with spectra recorded at a resolution of 0.1 nm. To obtain
accurate measurements, the solvent contribution blank was subtracted from each sample
spectrum. Molar ellipticity values were subsequently calculated for each peptide.

4.5. Antimicrobial Analysis
4.5.1. Antibacterial Activity

Three bacterial species, namely Escherichia coli ML35, Vibrio anguillarum 507, and Vibrio
ordalii DSM 19621, were utilized in this study. E. coli was inoculated in Trypticase Soy Agar
(TSA) and incubated for 24 h at 37 ◦C and then transferred to Trypticase Soy Broth (TSB)
and incubated for an additional 2 h at 37 ◦C under agitation. Meanwhile, V. anguillarum
and V. ordalii cells were cultured in TSA supplemented with 1.5% NaCl and incubated
at 25 ◦C for 24 h. Subsequently, they were subcultured in TSB-1.5% NaCl and incubated
with gentle agitation for an additional 16 h at 25 ◦C. Optical density (OD) of the cultures
at 600 nm was measured and dilutions were made to achieve a concentration of 1 × 107

colony-forming units per milliliter (CFU/ mL).
Firstly, E. coli ML35 was utilized as a Gram-negative model to assess the antibacterial

activity, following the methodology outlined by Santana et al. [23]. Briefly, cultures contain-
ing 1 × 107 CFU/mL were exposed to synthetic peptides at a concentration of 100 μM and
incubated for 1 h under previously described bacterial growth conditions. Subsequently,
the treated cells were spread onto TSA plates and then incubated for 12 h at 37 ◦C (for
E. coli) or 16 h at 37 ◦C. The resulting colonies were counted and bacterial survival was
determined by calculating the CFU/mL. Additionally, untreated E. coli cultures and those
treated with gentamicin at a concentration of 200 μM were used as controls. Independent
experiments were repeated three times.

Following the antibacterial activity screening, peptides showing noticeable activity were
selected to determine the minimum inhibitory concentration (MIC). Serial dilutions of these
peptides were prepared, starting from a maximum concentration of 100 μM, and the same
antibacterial activity test protocol was followed. The minimum inhibitory concentration
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(MIC) was determined following the protocol reported by Flóres-Castillo et al. [41]. For the
microdilution method, 100 μL two-fold dilutions of synthetic peptides from 100 μM to
3.12 μM were added to 96-well polystyrene plates; 100 μL of bacteria inoculum (1 × 107

CFU/well) was subsequently added and incubated in TSB (supplemented with 1.5%
NaCl in the case of Vibrio strains) for 18h at the optimal growth temperature of bacteria
strains. Finally, the MIC was determined by direct observation and by reading at 620 nm
on a spectrophotometer. Strains were tested in duplicate with its respective controls:
untreated bacteria (positive growth control), bacteria-free TSB medium (negative control),
and gentamicin (200 μM).

4.5.2. Antiparasitic Activity

As there is currently no established method for determining activity against parasites
of the studied species, the ectoparasite copepod Caligus rogerresseyi was employed as a
model. The antiparasitic activity was assessed following the protocol outlined by Montory
et al. [42] at the CRC-Innovation Company in the city of Puerto Montt, Chile. For the
in vitro determination, sensitivity bioassays were conducted using copepods grouped into
a 120 μm mesh with a reduced volume of seawater. The parasite stock was distributed
in 96-well-bottomed plates. Peptide effects were assessed at concentrations of 50 μm
and 150 μm in seawater, with 200 μL inoculated into each of the 96 wells. Bioassays
and plate maintenance were conducted at 12 ◦C and the effects were evaluated in eight
repetitions. The larvae were exposed for up to 144 h at different peptide concentrations.
This methodology aimed to determine the percentage of affected and/or dead individuals
at each peptide concentration, as exposed by Montory et al. [42].

4.6. Antioxidant Activity

To assess the antioxidant capacity of the synthetic peptides, two methods, namely
2,2-diphenyl-1-picrylhydrazyl (DPPH) for radical scavenging and total antioxidant capacity
(TRAP), were employed.

4.6.1. DPPH Method

The DPPH method followed the methodology reported by Madrid et al. [43]. A 50 μM
DPPH solution was prepared in absolute ethanol, and peptides were prepared at 1 mg/mL
in Milli-Q water (kept on ice). Glass cells for spectrometry were used, and 2.9 mL of the
preprepared DPPH solution was added to each cell and the absorbance at 517 nm was
recorded (T0). After this initial measurement, 100 μL of each peptide was added to the
cells, and the mixture was incubated for 15 min, repeating this process three times. A cell
containing only ethanol was used as the control. After 15 min, the cells’ absorbance at
517 nm was measured, and the results were used to calculate the percentage of radical
scavenging capacity (SRC%):

SRS% = [(T0 − sample absorbance)/T0] × 100.

4.6.2. TRAP Method

The total antioxidant capacity was determined using the TRAP method, following
the procedure described by Leyton et al. [44]. A 10 mM 2,2’azobis (2-amidopropane)
dihydrochloride (AAPH) solution was prepared and mixed with 150 μM 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) solution in 100 mM phosphate buffer saline
(pH 7.4). The mixture was incubated at 45 ◦C for 30 min to generate the ABTS radical. Then,
10 μL of peptides (1 mg/mL) were mixed with 990 μL of the ABTS radical solution, and
absorbance was measured kinetically over 50 s at 734 nm. The percentage of inhibition
of the radical (IR) was calculated using the equation: IR = [(A0 − A50)/A0] × 100, where
A0 is the absorbance at 0 s and A50 is the absorbance at 50 s. The IR percentages were
then extrapolated onto a Trolox® curve and the results were expressed in millimolar (mM)
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of antioxidant capacity equivalents of Trolox® (TEAC mM). These TEAC results were
compared to the antioxidant activity of 4340 peptide from marine origin [19].

4.7. Extraction of Head Kidney Leukocytes and Respiratory Burst Analysis

Two fish of 2 kg of total body mass (S. lalandi) at the Fish Laboratory of the Universidad
Católica del Norte were chosen for the extraction of blood via flow puncture, followed by the
extraction of the head kidney. The tissue was kept cold in L-15 medium supplemented with
2% serum and antibiotics (1% commercial solution of 100 U/mL of penicillin, 100 mg/mL of
streptomycin, and 5 μg/mL of gentamycin). The extraction of macrophages was performed
using the method described by Stolen et al. [45], with some modifications.

The kidneys were manually crushed using sterile and filtered plastic micropistols
through a 100 μm nylon membrane with L-15 medium supplemented with serum and an-
tibiotics. After centrifuging at 450× g for 10 min at 4 ◦C, the supernatant was removed and
the cells were suspended in the medium and subjected to a Ficoll gradient (Lymphoprep;
1:1). Subsequently, it was centrifuged at 600× g without acceleration for 30 min at 4 ◦C and
the interface containing the macrophages was carefully transferred with a sterile Pasteur
pipette to a new glass tube. The cells were then diluted in 1 mL of L-15 medium without
supplement and centrifuged (450× g, 10 min, 4 ◦C) to wash out the residual Ficoll. After
resting for 10 min, the sample was centrifuged at 685× g for 10 min at 4 ◦C. The supernatant
was removed, and another washing step was performed and then centrifugated. The cells
were resuspended again in 1 mL of L-15 medium. Subsequently, viable cells were identified
by vital Trypan Blue staining (10 μL cells and 40 μL staining) in a Neubauer’s chamber.
Finally, the concentration was adjusted to 1 × 106 cells/mL and the cultures were prepared
in 96-well-bottomed plates with 1 × 105 macrophages per well, using L-15 medium without
serum but with antibiotics to promote cell adhesion to the polystyrene plates. After a 2-h
incubation at 22 ◦C, the unattached cells were removed by two washings with culture
medium. The macrophage cultures were then incubated overnight at 22 ◦C with L-15
medium supplemented with serum and antibiotics.

The production of intracellular superoxides by phagocytes was assessed through
the reduction of tetrazolium nitroblue tetrazolium (NBT) reagent (Sigma), following the
protocols outlined by Stolen et al. [45,46] and Boesen et al. [46]. Initially, macrophage
cultures in the 96-well plate were washed with nonsupplemented L-15 medium and Hanks’
balanced salt solution (HBSS) to eliminate any residual antibiotic. Subsequently, 100 μL of
NBT dissolved to a concentration of 1 mg/mL in HBS was added to each well. In the initial
assessment, 1 μg/μL of the peptide extract was used but doses were subsequently adjusted
based on prior studies [19]. The cultures were then incubated at 22 ◦C for 45 min. As a
positive control, wells were inoculated with 1 μg/mL of phorbol myristate acetate (PMA;
Sigma). To assess the specificity of the reaction, 300 μL of superoxide dismutase (SOD;
Sigma) was added to one of the wells treated with PMA. After the incubation period, the
supernatant was removed and 70% methanol in water was added. Methanol was allowed
to evaporate under an extraction hood overnight. The phagocyte form was solubilized by
adding 120 μL of 2 M KOH and 140 μL of dimethyl sulfoxide (DMSO; Sigma). Absorbance
at 620 nm was then measured using an EPOCH spectrophotometer. Finally, the results
were expressed as a stimulation index, obtained by dividing the value of each treatment by
the control without stimulation.

4.8. Statistical Analysis

Statistical analysis was performed in R v4.3.1 The normal distribution of all data was
assessed by Shapiro–Wilks test. Statistical significance of differences in antibacterial activity
was determined with a one-way ANOVA test. For antiparasitic and respiratory burst
activities, two-way ANOVA tests were employed, considering significance at p = 0.05.

For antioxidant activity, a Chi-squared test was carried out. For the TRAP and DPPH
methods, a Kruskal–Wallis test was used for multiple independent samples with a signifi-
cance level of p = 0.01.
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5. Conclusions

The present study successfully identified and demonstrated the biological activity of
nine peptides within the mucus secretions of marine fish native to Chile. Specifically, five
of them were found in the mucus of juveniles of S. violacea, while the remaining four were
identified in the mucus of S. lalandi.

All the characterized peptides exhibited a disordered or random coil secondary struc-
ture, indicating that their biological activity was closely related to their amino acid com-
position. Notably, those peptides displaying strong antimicrobial activity showcased a
higher abundance of basic amino acids, like lysine and arginine, coupled with hydrophobic
residues, such as phenylalanine and tryptophan. This amphipathic nature likely con-
tributes to their efficacy in combating pathogens. Moreover, these peptides demonstrated
the additional capability of stimulating respiratory burst in fish leukocytes.

Furthermore, the obtained results highlight the significance of aromatic amino acids,
along with cysteine, in significantly enhancing the antioxidant activity of the peptides
present in mucosal secretions. This dual role of certain peptides in antimicrobial defense
and antioxidant protection underscores their multifunctional nature.

While the present study has provided valuable insights, it is imperative to conduct
further investigations to assess additional biological activities of these peptides, such as
their potential antifungal and antiviral functions. This research is ongoing, being essential
for expanding the understanding of the peptides’ broader roles and their relevance in
determining the health status of cultured fish.
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Abstract: High Fischer ratio oligopeptides (HFOs) have a variety of biological activities, but their
mechanisms of action for anti-fatigue are less systematically studied at present. This study aimed
to systematically evaluate the anti-fatigue efficacy of HFOs from Antarctic krill (HFOs-AK) and
explore its mechanism of action through establishing the fatigue model of endurance swimming in
mice. Therefore, according to the comparison with the endurance swimming model group, HFOs-AK
were able to dose-dependently prolong the endurance swimming time, reduce the levels of the
metabolites (lactic acid, blood urea nitrogen, and blood ammonia), increase the content of blood
glucose, muscle glycogen, and liver glycogen, reduce lactate dehydrogenase and creatine kinase
extravasation, and protect muscle tissue from damage in the endurance swimming mice. HFOs-AK
were shown to enhance Na+-K+-ATPase and Ca2+-Mg2+-ATPase activities and increase ATP content
in muscle tissue. Meanwhile, HFOs-AK also showed significantly antioxidant ability by increasing
the activities of superoxide dismutase and glutathione peroxidase in the liver and decreasing the
level of malondialdehyde. Further studies showed that HFOs-AK could regulate the body’s energy
metabolism and thus exert its anti-fatigue effects by activating the AMPK signaling pathway and
up-regulating the expression of p-AMPK and PGC-α proteins. Therefore, HFOs-AK can be used as
an auxiliary functional dietary molecules to exert its good anti-fatigue activity and be applied to
anti-fatigue functional foods.

Keywords: high Fischer ratio oligopeptides (HFO); Antarctic krill (Euphausia superba); anti-fatigue;
in vivo metabolites; oxidative stress

1. Introduction

Marine resources are used as a source of various health foods, and protein hydrolysates
and peptides extracted from marine organisms have a variety of bioactive functions as
well as pharmaceutical effects, like metal-chelating, antioxidant, anti-inflammatory, anti-
hypertensive, antimicrobial, anticancer, and immunomodulatory activities [1,2]. Bioactive
peptides are specific small amino acid fragments (usually 3 to 20 amino acids) obtained
from natural sources that are capable of causing physicochemical changes in normal
bodily processes, and these physicochemical effects arise from their unique amino acid
composition, sequence, and molecular weights [3,4]. Peptides typically comprise a variety
of amino acids, among which branched-chain amino acids (BCAAs) and aromatic amino
acids (AAAs) are present in a molar ratio known as the Fischer ratio (or F-value). High
Fischer ratio oligopeptides (HFOs) are mixed small-molecule peptides with a BCAA/AAA
ratio greater than 20, whose oligopeptides have molecular weights between 200 and 1000 Da
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and are composed of 2 to 9 amino acids [5]. Thanks to their distinct amino acid and peptide
makeup, HFO exhibit a range of impressive biological properties, such as serving as an adjunct
therapy for hepatic encephalopathy [6], sobering and anti-intoxication activity [7], antioxidant
activity [5,8], adjunctive therapy for phenylketonuria [9], anti-fatigue activity [10], and
some clinical surgical treatments [11]. Every year, low-valuable protein resources from
both land and sea go untapped in significant quantities. Transforming these resources into
bioactive oligopeptides, marked by an HFO, promises substantial economic, nutritional,
and medical benefits. Therefore, HFO have received widespread attention, and there have
been successful cases ranging from hard-shell mussels [12], whey proteins [13], corn [14],
Antarctic krill [5], flaxseed [15,16], gluten [17], goat’s milk whey protein [18], bonito [7],
oyster (Pinctada martensii) meat [19], and Aspergillus niger [20]. Hence, HFOs hold great
promise for practical use in clinical settings because of their impressive bioactive properties.
Comprehensive research into the physiological functions and underlying mechanisms
of HFOs is crucial in unlocking their potential for integration into pharmaceutical and
health-enhancing products.

Fatigue is usually divided into physiological or pathological causes which can lead to
various discomforts and are related to various diseases. However, some studies have shown
that exercise leads to fatigue, and the fatigue caused by high-intensity exercise is related
to injury, the working ability and liver glycogen level, resulting in energy source [21].
Concurrently, the buildup of blood lactic acid (BLA) and blood urea nitrogen (BUN)
while exercising results in the accumulation and threshold of metabolites, culminating in
physical exhaustion [22]. During physical activity, the body extensively utilizes energy
storage molecules, such as adenosine triphosphate (ATP), glucose, and fat. This depletion
ultimately results in diminished skeletal muscle function, rendering individuals unable to
sustain the intended exercise intensity. Consequently, this can lead to injury and increases
in creatine kinase (CK) level [23]. In recent years, some related studies have been carried
out to find natural substances with anti-fatigue activity to avoid the damage caused by
ingesting chemical drugs, and these investigations have shown that the active peptides
extracted from natural foods are safe and effective in preventing and relieving fatigue.
For example, Corn peptides (CPs) are rich in amino acids, including glutamic acid, so
that it has a significant ability to relieve exercise-induced fatigue. Moreover, they have
significant anti-fatigue properties that help mitigate damage caused by synthetic drugs [21].
Soybean peptides, known as FSPPs, play a crucial role in facilitating protein synthesis and
contributing to the energy provision for cells within skeletal muscle. Consequently, they
trigger an anti-fatigue response [24]. On the other hand, the anti-fatigue properties of sea
cucumber peptide (SCP) are attributed to its ability to restore normal energy metabolism
while mitigating oxidative stress and inflammatory responses [23]. Moreover, oligopeptides
with a high F value have a unique amino acid composition, which can increases the AAA
content of the body’s blood [12]. Therefore, compared with normal oligopeptides, HFO
may have better anti-fatigue effects because of their unique amino acid composition, so as
to develop anti-fatigue functional foods. However, the anti-fatigue mechanism of HFO still
needs to be studied systematically.

Antarctic krill (Euphausia superba), which mainly lives in Antarctica, is the world’s
richest animal protein resource, with high nutritional value [25]. Antarctic krill protein
contains all the essential amino acids required by the human body, and its bioactivity was
evaluated to be higher than that of other animal and plant proteins and dairy proteins
(casein) [26], so peptides with significant bioactivities were prepared from hydrolysates
of Antarctic krill protein [27]. For example, Antarctic krill peptides not only significantly
attenuates CCl4-induced hepatic injury by activating the Nrf2/HO-1 pathway [28], but
also ameliorates hepatic fibrosis by improving gut microbiota-mediated bile acid-NLRP3
pathway [29]. According to behavioral experiments, SSDAFFPFR and SNVDFMF from
Antarctic krill can ameliorate scopolamine-induced memory deficits by altering the be-
havior of mice [30]. Ca-EEEFDATR chelate has effects on MC3T3-E1 cells with osteoblast
proliferation, differentiation, and mineralization [31]. Peptides of VW and LKY have anti-
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hypertensive effects in spontaneously hypertensive rats [32]. In our previous research, HFO
from Antarctic krill (HFOs-AK) was enzymatically prepared with alcalase and flavorzyme,
and it showcased promising antioxidant properties in vitro [5]. However, more in-depth
functional evaluation and mechanism studies on HFOs-AK, especially the anti-fatigue
function closely related to oxidative stress, are still lacking. Hence, the aim of this research
was to methodically assess the effectiveness of HFOs-AK in combating fatigue and delve
into its mechanism of operation by establishing a vigorous swimming-induced fatigue
model in mice. This study provides experimental evidence and a theoretical basis for the
application of Antarctic krill oligopeptides in fatigue reduction related functional foods.

2. Results

2.1. Effect of HFOs-AK on Body Weight and Organ Index of Fatigue Model of Mice

As depicted in Table 1, following gavage for 30 days, mice increased their body weight
in all groups, but there was no significant difference in the body weight of mice among
the blank, model, positive control, and HFOs-AK groups. It demonstrates that gavage of
HFOs-AK does not negatively affect the growth and development of mice, and the mice in
all groups were in a normal growth and feeding environment.

Table 1. Changes in the body weight of the mice in each group (n = 15).

Groups
Body Weight (g)

Starting Weight Final Weight Weight Change

Blank 22.85 ± 1.00 37.81 ± 2.45 13.33 ± 1.73 b

Model 22.96 ± 0.82 37.97 ± 3.17 15.01 ± 2.35 a,b

Whey peptides 23.31 ± 0.72 37.71 ± 1.86 14.40 ± 1.14 a,b

Low-dose HFOs-AK 22.91 ± 0.97 37.92 ± 1.22 15.01 ± 0.25 a,b

Mid-dose HFOs-AK 21.53 ± 0.94 37.57 ± 0.66 16.03 ± 0.28 a,b

High-dose HFOs-AK 22.38 ± 0.99 38.67 ± 2.60 16.29 ± 1.61 a

All data are presented as the mean ± SD (n = 15). a,b Values with the same letters indicate no significant difference
in each column (p > 0.05).

According to the organ indices expressed in Table 2, the coefficients of the liver, spleen,
kidney, and thymus of mice in the low-, medium-, and high-dose groups of HFOs-AK were
not significantly different (p > 0.05) compared to those of the model group. Experimental
data indicated that gavage of HFOs-AK did not produce adverse effects on the growth
of mice.

Table 2. Organ indices of mice in each group (n = 15).

Groups Liver (%) Spleen (%) Gallbladder (%) Thymus Gland (%)

Blank 5.95 ± 0.41 a 0.32 ± 0.05 a 1.59 ± 0.14 a 0.15 ± 0.01 a

Model 5.85 ± 0.12 a,b 0.32 ± 0.01 a 1.56 ± 0.04 a 0.14 ± 0.01 a

Whey peptides 5.59 ± 0.05 a,b 0.31 ± 0.02 a 1.55 ± 0.04 a 0.13 ± 0.04 a

Low-dose HFOs-AK 5.88 ± 0.13 a 0.29 ± 0.02 a 1.56 ± 0.09 a 0.15 ± 0.06 a

Mid-dose HFOs-AK 5.59 ± 0.23 b 0.29 ± 0.01 a 1.51 ± 0.05 a 0.14 ± 0.04 a

High-dose HFOs-AK 5.69 ± 0.03 a,b 0.30 ± 0.03 a 1.55 ± 0.03 a 0.14 ± 0.05 a

All data are presented as the mean ± SD (n = 15). a,b Values with the same letters indicate no significant difference
in each column (p > 0.05).

2.2. Effect of HFOs-AK on Tissue Morphology of Fatigue Model of Mice

The liver nuclei of mice in the blank group (Figure 1A) appeared intact and the
hepatocytes showed no signs of necrosis in the H&E staining results. The hepatic blood
sinusoids (yellow arrows) and hepatic cords (red arrowheads) were neatly aligned, and the
hepatic lobules were clear in outline. Compared with the blank control group, the structure
of the liver lobules in the model group (Figure 1B), positive control group (Figure 1C),
and HFOs-AK groups (Figure 1D–F) was in a normal state, and the arrangement of the
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hepatic blood sinusoids (yellow arrowheads) and the hepatic cords (red arrowheads) did
not undergo any alteration of the pathological state. It indicates that HFOs-AK do not
cause damage to the mouse liver.

 

Figure 1. H&E staining of mouse liver tissue samples. The fatigue model of mice was estab-
lished by an endurance swimming method. Whey peptides (0.5 mg/g·bw/d) served as a posi-
tive control. (A) Blank; (B) Model; (C) Whey peptides (0.5 mg/g·bw/d); (D) Low-dose of HFOs-
AK (0.1 mg/g·bw/d); (E) Mid-dose of HFOs-AK (0.3 mg/g·bw/d); (F) High-dose of HFOs-AK
(0.5 mg/g·bw/d). The yellow arrow indicates the hepatic sinusoids, and the red arrow indicates the
hepatic cord.

The results of H&E staining of muscle tissues are shown in Figure 2. The muscle
fibers of the gastrocnemius muscle of mice in the blank group (Figure 2A) were uniformly
aligned with clear transverse striations. Compared with the blank group, the gastrocnemius
muscles of mice in the model group (Figure 2B) showed damage (red arrow) and irregular
arrangement. Compared with the model group, the low-, medium-, and high-dose HFOs-
AK groups of HFOs-AK (Figure 2D–F) showed a reduction in the degree of damage
appearing in the fibers of the mouse gastrocnemius muscle, indicating that HFOs-AK could
effectively ameliorate the muscle damage in mice.

 

Figure 2. H&E staining of mouse muscle tissue samples. Whey peptides (0.5 g/g·bw/d) served
as a positive control. (A) Blank; (B) Model; (C) Whey peptides (0.5 mg/g·bw/d); (D) Low-dose of
HFOs-AK (0.1 mg/g·bw/d); (E) Mid-dose of HFOs-AK (0.3 mg/g·bw/d); (F) High-dose of HFOs-AK
(0.5 mg/g·bw/d). The red arrows in the diagram indicate damage and irregular alignment of the
gastrocnemius muscles of mice.
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2.3. Effect of HFOs-AK on Exercise Capacity and Metabolite Levels of BUN, Lactic Acid (LA), and
Blood Ammonia (BA) in Fatigue Model of Mice

Fatigue is the feeling of exhaustion that sets in following extended or intense physical
activity, indicating a decline in physiological capacity and the body’s ability to sustain
its functions [10], so it can be measured by increased exercise endurance to measure the
effect of fatigue resistance [23]. The effect of HFOs-AK on the exercise capacity of fatigue
model of mice is shown in Figure 3A. The model group showed a time to exhaustion of
10.35 min, but the time to exhaustion was prolonged in all the HFOs-AK-administered
groups by 20.64 ± 13.05% (low), 72.84 ± 25.63% (medium), and 154.14 ± 40.34% (high). In
addition, there was a significant difference between the medium (17.89 ± 2.65 min) and
high (26.31 ± 4.18 min-dose HFOs-AK groups compared to the model group (p < 0.01).
Also, as the dose of HFOs-AK was increased, the endurance swimming time of the mice
increased, showing a dose-dependent pattern. These data suggest that HFOs-AK have an
anti-fatigue effect on mice, and the higher the dose, the more obvious the effect.

 
Figure 3. Effect of HFOs-AK on exercise capacity (A) and in vivo metabolites of BUN (B), LA (C), and
BA (D) in fatigue model of mice. Whey peptides (0.5 g/g·bw/d) served as a positive control. *** p < 0.001
compared to blank control group. ### p < 0.001, ## p < 0.01 and # p < 0.05 compared to model group.

Metabolic waste is negatively correlated with exercise endurance [33]. When the
energy supply in the body is insufficient, the energy needed by the body can be pro-
vided by protein metabolism. The process of protein catabolism produces large amounts
of NH3 and CO2, and these metabolic wastes are synthesized into urea in the liver of
the organism, which is excreted via the humoral circulation. The effect of HFOs-AK
on BUN in the fatigue model of mice is shown in Figure 3B. Compared with the blank
group (14.85 ± 0.71 mmol/L), the model group of mice, which had been subjected to
swimming and had not been gavaged with HFOs-AK, had the highest BUN levels of
20.49 ± 0.71 mmol/L, indicating successful modeling of low exercise tolerance in mice. The
BUN levels in low-, medium-, and high-dose HFOs-AK groups were dose-dependently
decreased by 6.74% ± 6.55%, 17.68% ± 3.82%, and 23.85% ± 2.93%, respectively. Moreover,
the BUN level in the high-dose HFOs-AK group of HFOs-AK was 15.60 ± 0.60 mmol/L,
which was highly significant (p < 0.001) compared with the model group. It indicates that
HFOs-AK participate in the process of collective energy metabolism and reduce the original
protein metabolism to effectively reduce the BUN content in the body.
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Glycolysis is the main source of energy for high-intensity exercise in a short period of
time. Lactic acid (LA) is produced under anaerobic conditions by glycolysis. As glycolysis
accelerates, LA increases in muscle and accumulates in the body, lowering the pH of the
body and leading to fatigue as well as reduced exercise capacity [34]. The effects of HFOs-
AK on LA in fatigue model of mice are shown in Figure 3C. After endurance swimming
exercise in mice, the LA levels in low, medium and high-dose HFOs-AK groups were
9.74 ± 0.61, 7.83 ± 0.34, and 7.32 ± 0.43 mmol/L, respectively, which were significantly
decreased (p < 0.001) compared to the model group (10.67 ± 0.87 mmol/L). It shows that
HFOs-AK have certain anti-fatigue activity by reducing the accumulation of LA in the
muscle and body of mice.

Adenosine triphosphate (ATP) is the direct source of energy for all vital activities in the
body, and nutrients, such as creatine phosphate, glycogen, glucose, fat, and protein, provide
indirect energy for exercise [35]. When proteins and amino acids are degraded to provide
energy for the body, a large amount of ammonia enters the bloodstream, and the high con-
centration of NH3 in the body affects the energy metabolism and motor balance of the body,
causing fatigue [36]. The effects of HFOs-AK on blood ammonia (BA) in the fatigue model of
mice are shown in Figure 3D. Compared with the model group (395.19 ± 22.41 mmol/L), the
BA contents in the low-dose HFOs-AK (352.09 ± 19.76 mmol/L), medium-dose HFOs-AK
(334.46 ± 21.08 mmol/L), high-dose HFOs-AK (301.81 ± 27.66 mmol/L), and the positive
control (347.52 ± 28.72 mmol/L) groups were significantly decreased (p < 0.001). It indi-
cates that HFOs-AK play its anti-fatigue activity through reducing the energy metabolism
and exercise homeostasis of the body.

2.4. Effect of HFOs-AK on Lactate Dehydrogenase (LDH) and CK of Fatigue Model of Mice

LDH mainly catalyzes the mutual conversion between acetone and LA, indicating the
degree of lactate metabolism. Increases in LDH concentrations caused by high-intensity
exercise can lead to muscle damage. Therefore, LDH is also considered to be one of the
specific markers for assessing physical fatigue [37]. The effects of HFOs-AK on LDH
in fatigue mice are shown in Figure 4A. LDH levels in the low, medium and high-dose
HFOs-AK groups were 490.30 ± 40.28, 458.08 ± 60.21, and 412.35 ± 69.76 U/L, respectively,
significantly lower than that in the model group (552.53 ± 50.74 U/L). It suggests that
HFOs-AK can alleviate exercise fatigue and protect muscles by reducing LDH content.

Figure 4. Effect of HFOs-AK on LDH (A) and CK (B) activity in fatigue model of mice. Whey peptides
(0.5 g/g·bw/d) served as a positive control. *** p < 0.001 and ** p < 0.01 compared to blank control
group. ## p < 0.01 and # p < 0.05 compared to model group.

CK, mainly found in the cytoplasm and mitochondria, is an important kinase and
involved in intracellular energy conversion, ATP production, and muscle contraction.
Serum CK is mainly derived from skeletal muscle in the organism; therefore, changes
in serum CK activity can be used as an indicator to assess skeletal muscle injury and
recovery after exercise in the organism, and the higher the CK activity, the more severe the
skeletal muscle injury and fatigue [37]. The effect of HFOs-AK on CK in fatigue mice is
shown in Figure 4B. Compared with the blank group (0.79 ± 0.08 U/L), the CK activity
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in the model group (1.22 ± 0.07 U/L) was significantly increased, indicating successful
modeling of fatigued mice. However, the CK levels in the low-, medium-, and high dose
groups of HFOs-AK were 1.06 ± 0.08, 0.98 ± 0.07, and 0.94 ± 0.11 U/L, respectively, and
were reduced by 12.89% ± 6.82%, 19.48% ± 5.74%, and 22.50% ± 9.01%, respectively,
in comparison with the model group. These results indicate that HFOs-AK are able to
attenuate muscle damage caused by strenuous exercise.

2.5. Effect of HFOs-AK on Blood Glucose (BG), Muscle Glycogen (MG), and Liver Glycogen (LG)
of Fatigue Model of Mice

Glycogen are used for long-term energy storage, which can be rapidly consumed
when fatigue occurs to meet the urgent need for glucose, and increased glycogen levels in
the liver and muscles can enhance endurance during intense exercise. During strenuous
exercise, the organism enhances glycogen metabolism and lowers BG levels to maintain
them in the normal physiological range [37]. Therefore, glycogen content is an important
test indicator for fatigue resistance [38].

As shown in Figure 5A, the level of BG in model group (7.69 ± 0.51 mmol/L) was sig-
nificantly lower than that in the blank group (9.06 ± 0.56 mmol/L) (p < 0.05). Furthermore,
the medium (7.33 ± 0.90 mmol/L) and high (7.39 ± 1.00 mmol/L-dosage groups of HFOs-
AK exhibited notably elevated blood glucose levels compared to the model group (p < 0.05).
This suggests that HFOs-AK have the potential to enhance blood glucose utilization and
modulate energy metabolism within the exhausted mice’s bodies, which could improve
the organism’s exercise tolerance.

Figure 5. Effect of HFOs-AK on the contents of BG (A), MG (B), and LG (C) in fatigue model of mice.
Whey peptides (0.5 g/g·bw/d) served as a positive control. *** p < 0.001 and * p < 0.05 compared to
blank control group. ### p < 0.001, ## p < 0.01 and # p < 0.05 compared to model group.

Figure 5B,C showed the effect of HFOs-AK on MG and LG levels in the fatigue mice.
The data indicated that the MG levels of the HFOs-AK groups, especially the medium-dose
group (1.12 ± 0.05 mg/g) and the high-dose group (1.22 ± 0.04 mg/g), were significantly
higher (0.97 ± 0.07 mg/g) than that model group (p < 0.001) (Figure 5B).

The results in Figure 5C showed that the LG level of the model group (5.40 ± 0.67 mg/g)
was significantly lower (p < 0.001) than that (9.85 ± 0.89 mg/g) of the blank group. Treat-
ment with HFOs-AK, the LG levels of fatigue mice in the low, medium and high-dose
HFOs-AK groups were 7.58 ± 0.89, 8.66 ± 0.78, and 9.21 ± 0.55 mg/g, respectively. The
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findings revealed markedly elevated levels of MG and LG in the experimental group com-
pared to those in the control group (p < 0.01). Consequently, as the dosage increased, there
was a notable rise in the average concentrations of MG and LG within the mouse system
(p < 0.05). In conclusion, gavage of HFOs-AK can increase glycogen content, regulate
energy metabolism, and enhance exercise tolerance in mice.

2.6. Effect of HFOs-AK on ATP Content and Activities of Na+-K+-ATPase and
Ca2+-Mg2+-ATPase of Fatigue Model of Mice

The most basic carrier of energy conversion in an organism is ATP. Usually, ATP
levels decrease when the cell is apoptotic, necrotic, or in some pathological state, which
indicates that the mitochondria have impaired functionality with decreased viability. The
impact of HFOs-AK on ATP levels in fatigued mice is illustrated in Figure 6A. In com-
parison to the control group (3013.48 ± 241.92 μmol/g prot), mice in the model group
(1785.31 ± 148.19 μmol/g prot) exhibited a notable decline in ATP content (p < 0.001).
Conversely, mice administered with low, medium, and high doses of HFOs-AK demon-
strated ATP levels of 2546.10 ± 125.33, 2606.62 ± 87.05, and 2879.27 ± 197.19 μmol/g
prot, respectively, indicating a significant rise and a marked disparity in comparison to the
model group (p < 0.001). These findings suggest that HFOs-AK directly enhance energy
provision in vivo, thereby sustaining organismal energy metabolism and enhancing the
fatigue resistance of the mice.

Figure 6. Effect of HFOs-AK on ATP content (A), Na+-K+-ATPase (B) and Ca2+-Mg2+-ATPase
(C) activities in fatigue mice. Whey peptides (0.5 g/g·bw/d) served as a positive control. *** p < 0.001
and * p < 0.05 compared to blank control group. ### p < 0.001 and # p < 0.05 compared to model group.

Na+-K+-ATPase and Ca2+-Mg2+-ATPase play crucial roles in the physiological pro-
cesses of material transfer, energy conversion, and information transfer, and are the key
enzymes in degrading ATP [39]. When their activity decreases, the level of reactive oxygen
species (ROS) in the mitochondria increases, which results in impaired mitochondrial
function and impaired energy synthesis, producing fatigue. Figure 6B,C showed the effect
of HFOs-AK on Na+-K+-ATPase and Ca2+-Mg2+-ATPase activity in fatigue mice. After en-
durance swimming, the Na+-K+-ATPase activity in mice decreased from 3.06 ± 0.47 U/mg
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prot to 2.22 ± 0.24 U/mg prot, but the Na+-K+-ATPase activity was significantly increased
to 2.94 ± 0.39 U/mg prot after administration of 0.5 mg/g HFOs-AK (p < 0.001) (Figure 6A).
The Na+-K+-ATPase activity showed the similar trend. The Ca2+-Mg2+-ATPase decreased
from 5.97 ± 0.85 U/mg prot to 2.45 ± 0.77 U/mg prot in mice after endurance swimming,
but the Ca2+-Mg2+-ATPase activity was significantly increased to 4.08 ± 0.66 U/mg prot
after administration of 0.5 mg/g HFOs-AK (p < 0.001) (Figure 6C). Therefore, the adminis-
tration of HFOs-AK can improve mitochondrial function, enhance the breakdown of ATP
in skeletal muscle cells, fuel muscle cells with energy, and enhance the body’s capacity to
combat fatigue.

2.7. Effect of HFOs-AK on Antioxidant Capacity of Fatigue Model of Mice

It has been shown that superfluous ROS are produced during strenuous exercise,
which can lead to fatigue and lipid peroxidation damage. Antioxidant enzymes like super-
oxide dismutase (SOD) and glutathione peroxidase (GSH-Px) play a key role in eliminating
surplus ROS produced during intense physical activity in order to avert oxidative harm,
thereby sidestepping cellular injury and muscle depletion [40,41].

Malondialdehyde (MDA), a byproduct of cell membrane breakdown due to lipid
peroxidation, increases as fatigue intensifies. Figure 7A illustrates a significant rise in MDA
levels in fatigued mice, jumping from 1.36 ± 0.05 nmol/mg prot to 2.05 ± 0.03 nmol/mg
prot post exhaustive swimming. Comparatively, the MDA concentrations in groups ad-
ministered with varying doses of HFOs-AK were notably decreased by 16.76% ± 2.56%,
18.35% ± 1.08%, and 32.53% ± 5.04%, respectively (p < 0.05) when contrasted with the
control group. These findings suggest that HFOs-AK have the potential to diminish liver
injury by alleviating oxidative stress, as evidenced by reduced MDA formation in the livers
of fatigued mice.

Figure 7. Effect of HFOs-AK on MDA (A) content, and SOD (B) and GSH-Px (C) activities in fatigue
model of mice. Whey peptides (0.5 g/g·bw/d) served as a positive control. *** p < 0.001 compared to
blank control group. ### p < 0.001, ## p < 0.01 and # p < 0.05 compared to model group.

SOD is an antioxidant enzyme that helps to improve cellular resistance to oxidative
stress. Figure 7B represents the effect of HFOs-AK on SOD activity in fatigue mice. Ac-
cording to the data, the SOD activity in the model group (138.51 ± 3.62 U/mg prot) is
significantly lower compared to the blank group (182.45 ± 4.74 U/mg prot). Furthermore,
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in the medium- and high-dose groups of HFOs-AK, there was a noticeable increase in
SOD activity in the liver tissue of fatigued mice, with increments of 20.36% ± 4.62% and
31.71% ± 2.61%, respectively, significantly higher than that of the model group. Addition-
ally, the SOD activity in the medium- (166.71 ± 6.39 U/mg prot) and high-dose groups
(182.43 ± 3.62 U/mg prot) of HFOs-AK is slightly higher than that of the positive control
group (153.49 ± 5.25 U/mg prot). This indicates that HFOs-AK have a protective effect on
the mouse liver, and this effect is dose-dependent.

GSH-Px is a widely recognized antioxidant known for its ability to combat ROS and
is frequently utilized as a biomarker for gauging the level of oxidative stress-induced
damage. According to the data presented in Figure 7C, the concentration of GSH-Px in
the model group presented a noteworthy reduction to 526.67 ± 18.04 U/mg prot, a figure
significantly below that of the control group (623.20 ± 14.25 U/mg prot) (p < 0.001). In
addition, the GSH-Px levels in the medium- and high dosage of HFOs-AK groups stood at
572 ± 23.78 and 614 ± 17.74 U/mg prot, respectively, while the GSH-Px content in the high
dosage of HFOs-AK group was significantly elevated compared to that of the model group
(p < 0.001). These findings indicated that HFOs-AK was able to increase GSH-Px levels
in liver tissues of fatigue mice, suggesting that HFOs-AK could increase liver antioxidant
levels and reduce injury.

In summary, referring to the related literatures [42], it could be theorized that HFOs-
AK could help alleviate fatigue by enhancing the functioning of antioxidant enzymes
within the body and limiting the generation of lipid peroxides in cellular membranes.

2.8. Effect of HFOs-AK on Protein Expression of the AMPK/PGC-1α/Nrf2 Signaling Pathways in
Fatigue Model of Mice

Mitochondria are pivotal in energy metabolism, with mitochondrial dysfunction and
structural irregularities being potential culprits behind fatigue. AMP-activated protein
kinase (AMPK) is instrumental in regulating glucose and lipid metabolism, aiding in the
maintenance of ATP levels across diverse conditions. The AMPK signaling pathway is
triggered during sustained physical activity, enhancing basal glucose uptake. Peroxisome
proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α) emerges as a vital
player in mitochondrial biogenesis and other physiological functions, predominantly
observed in skeletal muscle tissues rich in mitochondria [43,44]. AMPK-1α and PGC-
1α are key regulators of metabolism, and they increase resistance mainly by increasing
the degradation of glucogenesis, glucose enzymes, sugar intake, and fatty acid oxidation.
During exercise, AMPK is activated and electro-stimulated to shrink, thereby promoting
the intake of basic glucose. In our study, HFOs-AK was found to enhance the expression
of the phosphorus form of AMPK in the liver and bone muscle of mouse motors through
analysis of protein traces. In addition, we also found an enhancement expression of PGC-1α
(transcript co-activating factor), which activates the metabolic and biological processes
in fibroblasts, thereby converting type II muscle fibers into type I muscle fiber. They can
use oxygen and synthesize more ATP for continuous muscle contractions and become
more fatigued.

Figure 8B shows the effect of HFOs-AK on the p-AMPK protein expression level in fa-
tigue mice. The p-AMPK protein expression level in the model group (0.53 ± 0.03 GAPDH)
was significantly reduced (p < 0.001) compared with the blank group. The study revealed
a notable increase (p < 0.001) in the p-AMPK protein levels in the liver tissue of mice
treated with 0.3 and 0.5 mg/g of HFOs-AK, elevating them to 0.62 ± 0.03 GAPDH and
0.67 ± 0.03 GAPDH, respectively. These findings indicate that HFOs-AK play a role in
modulating energy metabolism and demonstrating anti-fatigue properties by activating
the AMPK pathway.

126



Mar. Drugs 2024, 22, 322

Figure 8. Protein map of HFOs-AK on anti-fatigue signaling pathway in mice (A). Effect of HFOs-AK
on expression levels of p-AMPK (B), PGC-1α (C), and Nrf2 (D) protein in mice. Whey peptides
(0.5 g/g·bw/d) served as a positive control. *** p < 0.001 compared to blank control group. ### p < 0.001
compared to model group.

Figure 8C shows the effect of HFOs-AK on the protein expression level of PGC-1α
in fatigue mice. Compared with the blank group, the expression level of the PGC-1α
protein was measured at 0.61 ± 0.02 GAPDH in the control group and showed a significant
decrease (p < 0.001). In contrast, the liver tissue of the mouse model exhibited a noteworthy
increase in PGC-1α protein levels to 0.92 ± 0.002 GAPDH and 0.92 ± 0.003 GAPDH after
being treated with 0.3 and 0.5 mg/g of HFOs-AK, respectively. These findings indicate
that HFOs-AK can influence energy metabolism and reduce fatigue by stimulating the
PGC-1α pathway.

Mitochondria and other organelles of skeletal muscle and liver are vulnerable to lipid
peroxidation [45]. During intense swimming sessions, excessive ROS are generated and
build up significantly in the mouse’s body. This accumulation leads to harmful effects by
attacking crucial organic molecules and cell structures, causing oxidative stress and the
creation of lipid peroxidation byproducts like MDA [46]. The nuclear factor E2-related
factor 2 (Nrf2) signaling pathway serves as a crucial target for combating fatigue and
various diseases associated with oxidative stress [45]. This pathway primarily operates by
triggering the production of phase II enzymes that aid in defending against oxidative stress
and scavenging ROS. In essence, Nrf2 acts as a pivotal regulator of cellular oxidation on a
transcriptional level, controlling the expression of key downstream factors [47]. The impact
of HFOs-AK on Nrf2 protein expression levels in fatigued mice, as depicted in Figure 8D,
is evident. In comparison to the control group, the model group exhibited a noteworthy
decrease in Nrf2 protein expression levels (0.94 ± 0.022 GAPDH) (p < 0.001). Conversely,
the Nrf2 protein levels in liver tissues of fatigued mice significantly increased (p < 0.001)
to 0.96 ± 0.002, 1.02 ± 0.011, and 1.08 ± 0.005 GAPDH following the administration of
0.1, 0.3, and 0.5 mg/g HFOs-AK, respectively. Subsequently, HFOs-AK modulates energy
metabolism and exerts anti-fatigue effects by activating the Nrf2 pathway.

3. Discussion

Recent research has demonstrated the vital role of branched-chain amino acids in HFO
as essential nutrients for tissue synthesis, energy provision, and overall health. Specifically,
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leucine and isoleucine undergo transamination to acetyl coenzyme A (acetyl-CoA), which
enters the citric acid cycle, enhancing energy production in active muscles. On the other
hand, isoleucine and valine are transformed into α-keto acid through transamination,
further metabolized into succinyl coenzyme A, malate, and pyruvate, and eventually
converting into alanine. This alanine is then transported to the liver via the bloodstream,
where it is converted into pyruvate and subsequently into glucose. This glucose is carried
back to the muscle for energy utilization during physical exertion [48]. The addition of
HFOs-AK supplementation, along with swimming training, has been shown to notably
enhance glycogen storage in both the liver and muscle. As demonstrated in Figure 3A,
these adaptations led to a considerable enhancement in exercise endurance performance,
an extension of the duration prior to exhaustion during physical activity in mice, and the
effective preservation of glycogen levels following swimming exercise [49].

Maintaining stable blood glucose levels is essential for the proper functioning of organs,
as blood glucose serves as a primary energy source for the central nervous system and
red blood cells. Vigorous physical activity over an extended period depletes carbohydrate
stores and lowers blood glucose levels, typically stored as glycogen in the liver and muscles.
Research indicates that glycogen stored in these areas serves as the primary energy source
during prolonged endurance exercise of moderate to high intensity [50]. Simultaneously,
intense physical activity results in a significant energy expenditure and the production of
surplus free radicals in muscle tissue. The excessive buildup of these free radicals triggers
lipid peroxidation in the cell membrane, altering the normal composition of cellular proteins
and genetic material. Consequently, this disrupts the permeability of the mitochondria’s
internal membrane, leading to oxidative fatigue. Bioactive peptides have the ability to
neutralize free radicals within lipids or impede the propagation of free radical chains,
safeguarding cells against oxidative harm. This process enhances the body’s antioxidant
capabilities and boosts its resistance to fatigue. It has been found that a large number
of free radicals are produced during exhaustive swimming, leading to fatigue, and are
prone to lipid peroxidation damage to organelles such as mitochondria in liver and skeletal
muscle tissue [45].

Among natural active substances, bioactive peptides have received attention for their
ability to reduce fatigue-induced muscle damage to varying degrees. Short peptides ex-
tracted from deer blood were evaluated in swimming mice and not only increased hepatic
glycogen (HG) stores to improve exercise endurance, but also helped to reduce muscle
lactate (MLA) accumulation and HG increase, exerting anti-fatigue activity [51]. Supple-
mentation with sea dragon peptides exerted anti-fatigue effects on exercise-fatigued mice,
and its mechanism may be to inhibit oxidative stress, improve grip strength, and prolong
the swimming time of mice by reducing the accumulation of metabolites LA, BUN, and
MDA. It promotes the expression of proteins related to the AMPK/PGC-1α and Nrf2
signaling pathways and regulates gut microbial homeostasis [52]. Using a mouse model
of endurance swimming, peptides from striped bass (Trichiurus lepturus) [22], tilapia (Ore-
ochromis nilotica L.) [53], yak bone [54], hemp seed [15], ankylosing fish [55], seahorses [50],
and sea cucumbers [23] can prolong endurance swimming time in mice, reduce metabolites
and antioxidant activity in vivo, and increase glycogen reserves and energy metabolism
while decreasing the levels of LDH and CK due to muscular fatigue, resulting in anti-
fatigue effects.

The Figure 9 show that when the energy ATP supply in the body is insufficient, the
levels of key enzymes, including Na+-K+-ATPase and Ca2+-Mg2+-ATPase, which degrade
ATP, will also decrease. The result is that the contents of BUN, LA, and BA are decreased,
while the levels of BG, MG, and LG will continue to increase. While the muscles will pro-
duce large amounts of LDH and CK, which will lead to muscle damage. An overabundance
of ROS can trigger oxidative stress, thereby inhibiting the function of internal antioxidant
enzymes like SOD, and GSH-Px.
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Figure 9. Anti-fatigue mechanisms of HFOs-AK on fatigue model of mice. The blue arrows in the
chart indicate that the data is trending downward. The green arrows in the chart indicate that the
data is trending upwards. The red arrows in the diagram indicate damage and irregular alignment of
the gastrocnemius muscles of mice.

Typically, AMPK boosts the oxidation of fatty acids by inhibiting the formation of
malonyl coenzyme A. Yet, during prolonged activation of AMPK, it governs the oxida-
tion of fatty acids differently by activating peroxisome proliferator-activated Receptor α
(PPARα) and PGC-1α. Additionally, it controls the uptake of glucose and the synthesis of
mitochondria from scratch, which relies entirely on PGC-1α, whether in a living organism
or in a laboratory setting [56]. The signaling cascade reactions of AMPK/PGC-1α are
crucial across mammalian species, spanning from mice to humans, particularly in the
skeletal muscles, where they contribute significantly to mitochondrial biosynthesis and
maturation [57]. In the realm of muscle physiology, PGC-1α emerges as a pivotal player,
igniting the process of mitochondrial biogenesis. This, in turn, bolsters both the quantity
and quality of mitochondria within skeletal muscle fibers. Notably, skeletal muscle tissue
showcases abundant expression of PGC-1α, orchestrating the synthesis of ATP to stave off
muscle dysfunction. However, when PGC1-α veers off its typical course, metabolic disor-
ders of an associative nature ensue. AMPK, in its active state, assumes a crucial role in this
scenario, directly modulating the activity of PGC-1α through phosphorylation [58]. Thus,
the tandem action of AMPK and PGC-1α emerges as the linchpin of the body’s resilience
against fatigue. In Figure 9, it is evident that there was a notable increase in the levels
of AMPK/PGC-1α proteins in the liver tissue of tired mice following the administration
of HFOs-AK (p < 0.001). The mechanism suggests that HFOs-AK can activate the AMPK
pathway, up-regulate p-AMPK, stimulate the production of downstream PGC-1α proteins,
and boost the functionality of the intracellular antioxidant enzymes SOD and GSH-Px,
all the while diminishing the levels of MDA. Consequently, HFOs-AK regulates energy
metabolism and delivers anti-fatigue benefits by stimulating the AMPK/PGC-1α pathway.

The Nrf2 protein plays a crucial role in regulating redox reactions within cells and
controlling the expression of related factors downstream [59]. It is typically found in the
cytoplasm, where it is bound to kelch-like ECH-associated protein 1 (Keap1) [60]. When
ROS build up in the cell, Nrf2 separates from Keap1 and moves to the nucleus to bond with
the antioxidant response element (ARE), which is overseen by the promoters of specific
enzyme genes like heme oxygenase-1 (HO-1). Overall, the level of Nrf2 in cells is often
inadequate to completely counteract the oxidative stress caused by physical exertion. Hence,
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the Keap1/Nrf2/ARE signaling pathway serves as a crucial target in combating fatigue
and diseases related to oxidative stress. This pathway primarily operates by stimulating
the production of phase II enzymes responsible for defending against oxidative stress and
clearing ROS [45]. The results depicted in Figures 8 and 9 clearly demonstrate a significant
increase in Nrf2 protein expression within liver tissues of fatigued mice treated with HFOs-
AK, indicating the activation of the Nrf2 pathway. This suggests that HFOs-AK could
potentially alleviate fatigue through Nrf2 pathway activation.

Some natural products show good anti-fatigue function by modulating mitochondrial
biological functions. For example, flavonoids extracted from parsley (Petroselinum crispum)
can repair mitochondrial dysfunction by regulating PGC-1α and have good anti-fatigue ac-
tivity [61]. Astragalus polysaccharide has the ability to repair mitochondrial malfunction by
addressing issues with the fusion and division processes, while also decreasing the presence
of PGC-1α [62]. Various research has shown that herbal remedies containing antioxidants
possess effective anti-fatigue properties. Administering luteolin-6-C-Neohesperidoside
helped restore depleted levels of HO-1 and Nrf2 due to exhaustive swimming [60]. There-
fore, from Figure 9, it can be shown that in this experiment, the oxidative stress in vivo
caused by the exhaustive swimming experiment in mice can change the morphology
and function of mitochondria. In the Western blot analysis, HFOs-AK demonstrates its
ability to maintain ATP levels in vivo by triggering the AMPK/PGC-1α/Nrf2 pathways
(Figure 8). Furthermore, it enhances the functioning of antioxidant enzymes (SOD and
GSH-Px) and reduces the presence of lipid peroxidation MDA, highlighting its promising
anti-fatigue properties.

4. Materials and Methods

4.1. Materials and Chemical Reagents

HFOs-AK were prepared in our laboratory according to the previous method [5].
Whey peptides were purchased from Shanxi Feimi Biotechnology Co., Ltd. (Taiyuan,
China). Assay kits for determination of lactylic acid (LA), hydrouric nitrogen (BUN), lactic
acid dehydrogenase (LDH), creatine enzyme (CK), superoxide dioxidase (SOD), glutathione
peroxide (GSH-Px), malondialdehyde (MDA), liver/plasmodium, and ATP were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The activity assay kits of
Na+-K+-ATPase, Ca2+-Na+-K+-ATPase, and Ca2+-ATPase were purchased from Hangzhou
Leyi Bio-technology Co., Ltd. (Hangzhou, China). AMPK alpha 2 Polyclonal antibody
(18167-1-AP), PGC-1α monoclonal antibody (66369-1-Ig), GAPDHH antibody (MP50049-1),
mouse antibody (HRP-10283), and rabbit anti-rat (IgG) antibody (ab6703) were bought
from Sanying Bio-Biological Antibody Co., Ltd. (Wuhan, China).

4.2. Experimental Methods
4.2.1. Animal Breeding and Experimental Design

Ninety male ICR mice (18–22 g) were purchased from Hangzhou Ziyuan Laboratory
Animal Technology Co., Ltd. (Hangzhou, China). The animal experiments were stan-
dardized and approved by the Laboratory Animal Ethics Committee of Zhejiang Ocean
University (certificate no. SYXK (Zhejiang) 2019–0031). The mice were kept at 25 ± 2 ◦C
with 50 ± 5% relative humidity, following a 12-h light-dark cycle, and the mice had free
access to food and water. After a week of acclimatization, male ICR mice were sorted into
two groups: 10 mice in each of the 12 cages in group A and 5 mice in each of the 6 cages
in group B. Blank group: mice were not gavaged. Model group: mice were injected with
0.2 mL distilled water for 30 days. Positive control group: male ICR mice received 0.2 mL
whey peptides at a dose of 0.5 mg/g·bw/d for 30 days. HFOs-AK low-dose group: male
ICR mice were treated with 0.2 mL HFOs-AK at a dose of 0.1 mg/g·bw/d for 30 days.
HFOs-AK medium-dose group: Male ICR mice received 0.2 mL HFOs-AK at a dose of
0.3 mg/g·bw/d for 30 days. HFOs-AK high-dose group: male ICR mice received 0.2 mL
HFOs-AK at a dose of 0.5 mg/g·bw/d for 30 days.
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4.2.2. Establishment of a Fatigue Model of Endurance Swimming Mice

According to the described method [23,63], 30 min after the final gavage in group A,
the mice were introduced into a controlled swimming environment, where the water was
maintained at a stable temperature of 25 ◦C and a depth of 30 cm. They were tasked with
navigating a submerged wire structure while carrying a weight equivalent to 5% of their
body weight. The water in the pool was continuously circulated throughout the swimming
session. Duration of swimming was measured from the onset of activity until the mice were
unable to resurface within 8 s after their heads submerged. This duration was documented
as their swimming time.

4.2.3. Measurement of Body Weight and Organ Index of Mice

After the beginning of the experiment, it was necessary to weigh and record the body
weight of the mice at regular intervals every day, and all the mice were given mouse food
daily according to the standard diet and free water. After the experiment, blood was
removed from the mice’s eyeballs, and the liver, leg muscles, kidney, spleen, and thymus
of the mice were taken for dissection. Each group of mice was weighed accurately on an
analytical balance to calculate their organ index. The formula for calculating the organ
index was as follows (1):

Organ index (%) = Weight of organs (g)/The mass of a mouse (g) (1)

4.2.4. Histopathological Changes Observed

In male ICR mice, liver and muscle tissues were fixed overnight in 4% paraformalde-
hyde. Afterwards, paraffin is applied. Subsequently, H&E staining was performed on 4 mm
sections of paraffin. A light microscope was used to observe the changes in histopathology.

4.2.5. Measurement of Biochemical Indexes among Mice

Upon completion of 30 days of intervention, group B mice with ICR were subjected
to blood sampling from the eyeballs immediately 30 min after the end of swimming,
and the supernatant was centrifuged at 4000 rpm for 10 min and stored for further use.
After the serum was taken, the mice were executed, and the liver and muscle of the mice
were accurately weighed, added to a 0.9% NaCl solution, ground in an ice bath under
a tissue homogenizer to prepare a 10% homogenate of the liver and muscle tissues of
the mice, and centrifuged at 4000 rpm for 20 min. In addition to the supernatant of the
tissues, oxidative stress indicators and changes of LA, BUN, BA, BG, MG, LG, LDH, CK,
Na+-K+-ATP, CA2+-Mg2+-ATP, SOD, and GSH-Px were measured by a kit.

4.2.6. Detecting the Expression of Relevant Signaling Pathway Proteins

A portion of liver tissue stored at −80 ◦C was used for Western blot analysis according
to a previous method [64]. An RIPA lysis solution was used to homogenize and lyse liver
tissue proteins, centrifuged at low temperature for 10 min at 12,000 rpm, and supernatants
were taken, partitioned, and stored at −80 ◦C in a refrigerator for spare use. The total
protein content in each group of samples was calculated by BCA protein assay according to
the established method [63], and the calculated adjusted protein uploading volume was
5 μg/μL. Extracted proteins were uploaded onto a 12% SDS-acrylamide gel and then trans-
ferred onto a PVDF membrane. After incubation with primary and secondary antibodies,
protein bands were visualized with an ECL luminescent solution. The quantitative analysis
of the bands was performed by the Fluochem-FC3 system (Portsmouth, NH, USA) and
statistically analyzed using SPSS (version 27.0).

4.3. Data Analysis

All data were expressed as means ± standard deviation (SD) (n = 15) and statisti-
cally analyzed using SPSS software for one-way ANOVA, LSD, and Duncan post hoc
comparisons, and differences were considered statistically significant at p < 0.05.
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5. Conclusions

In the study, we built an endurance swimming mice model to verify how HFOs-AK
fights fatigue. The findings indicated that the HFOs-AK exhibited varying degrees of
increased endurance during force exhaustion swimming, primarily attributable to two
key factors. Regulating the AMPK signaling pathway induced a decrease in the levels of
the metabolites LA, BUN, and BA and an increase in the contents of BG, MG, and LG in
mice. Simultaneously, the decrease in LDH and CK leakage promoted the functions of
Na+-K+-ATPase and Ca2+-Mg2+-ATPase, shielding the tissues from harm and boosting
ATP levels within them. Regulatory of the Keap1/Nrf2/ARE signaling pathway led to
a notable upsurge in SOD and GSH-Px functions and a drop in MDA concentrations in
the hepatic tissue of mice, indicating the potential antioxidant properties of HFOs-AK.
Therefore, HFOs-AK presented remarkable anti-fatigue function and can be used as a
functional peptide applied in anti-fatigue food.

In addition, some relevant indicators, such as hemoglobin level, fecal SCFA content
(propionic acid and butyric acid content), and intestinal flora changes, have not been
comprehensively detected after force exhaustion swimming in mice, and the mechanism
of HFOs-AK on attenuating muscle damage needs further study. More importantly, the
efficacy and potential side effects of long-term use of HFOs-AK need to study in our
follow-up experiments.
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Abstract: Pearl and nacre powders have been valuable traditional Chinese medicines with whitening
properties for thousands of years. We utilized a high-temperature and high-pressure method along
with compound enzyme digestion to prepare the enzymatic hydrolysates of nacre powder of Pinctada
martensii (NP-PMH). The peptides were identified using LC–MS/MS and screened through molecular
docking and molecular dynamics simulations. The interactions between peptides and tyrosinase
were elucidated through enzyme kinetics, circular dichroism spectropolarimetry, and isothermal
titration calorimetry. Additionally, their inhibitory effects on B16F10 cells were explored. The results
showed that a tyrosinase-inhibitory peptide (Ala-His-Tyr-Tyr-Asp, AHYYD) was identified, which
inhibited tyrosinase with an IC50 value of 2.012 ± 0.088 mM. The results of the in vitro interactions
showed that AHYYD exhibited a mixed-type inhibition of tyrosinase and also led to a more compact
enzyme structure. The binding reactions of AHYYD with tyrosinase were spontaneous, leading
to the formation of a new set of binding sites on the tyrosinase. The B16F10 cell-whitening assay
revealed that AHYYD could reduce the melanin content of the cells by directly inhibiting the activity
of intracellular tyrosinase. Additionally, it indirectly affects melanin production by acting as an
antioxidant. These results suggest that AHYYD could be widely used as a tyrosinase inhibitor in
whitening foods and pharmaceuticals.

Keywords: Pinctada martensii; molecular docking; B16F10 cells; melanogenesis; antioxidant

1. Introduction

Pinctada martensii is found in mainland China and the South China Sea. Its primary
use is in pearl production, making it a significant marine cultural shellfish resource in
China [1]. Shells and pearls are similar in structure and material composition. Both are
biominerals formed under the regulation of an organic matrix secreted by the outer coat
membrane tissue [2]. The nacre is secreted by the outer mantle tissue and consists of a
lustrous material that gradually envelops the foreign matter to form a pearl over time [3].
The Chinese Pharmacopoeia 2020 stipulates that the source of medicinal pearls is from
the pearl shellfish family, which includes pearl shellfish and other bivalves stimulated
by the formation of pearls, and it has been recorded to have the effect of calming the
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mind and nerves, detoxifying the muscles, moisturizing the skin, and removing blem-
ishes [4]. Pearls and nacre are rich sources of calcium, as well as shell proteins, small
amounts of trace metals, hydrophobic amino acids, and aromatic amino acids. Calcium
constitutes more than 90% of the weight of the pearl and nacre [5]. Studies have indicated
that peptides inhibiting tyrosinase typically consist of these amino acids [6]. Therefore,
nacre peptides are considered to have the potential of being tyrosinase-inhibiting peptides.
Studies have shown that the main components of nacre powder are extremely similar to
those of pearl powder and exhibit a variety of biological activities. Sedative-hypnotic [5],
anti-photoaging [6], antioxidant [7], trauma repair [8], are some of the functional activities
of pearl powder as supported by modern medicine. However, the specific whitening
ingredients and mechanisms remain unclear.

Excessive melanin deposition can lead to a range of skin problems. Melanin is a
phenolic polymer widely distributed in plants and animals [9]. It is the main factor in
determining the color of the skin and hair and can inhibit ultraviolet rays and free radicals
that stimulate damage to the skin cells [10]. However, when melanin is over-synthesized,
excessive deposition of melanin in the surface layer of the skin may result in a series of skin
diseases such as dark spots, brown spots, and further promote skin aging; ultimately, this
excessive melanin production could lead to melanoma and other skin cancers. Tyrosinase is
a copper-containing metal oxidase and is the key enzyme that regulates melanin production.
Tyrosinase oxidizes tyrosine to produce dopamine quinone, which reacts with amino acids
or proteins, ultimately resulting in melanin production [11]. Therefore, tyrosinase inhibition
and antioxidants are particularly crucial. There are two main ways to inhibit tyrosinase:
one involves direct inhibition of tyrosinase, while the other involves indirect regulation of
the antioxidant system to inhibit tyrosinase production [12,13]. Currently proven effective
whitening ingredients, such as Kojic acid and its derivatives, Resveratrol and Arbutin, have
been found to have a stronger inhibitory effect on tyrosinase [14–16]. However, they are
also prone to side effects such as skin redness, itching, ulcers, and even toxicity to the
body [17,18]. The current whitening products available on the market, while commonly
used, still carry a higher risk of causing allergic reactions or other adverse effects on
the user’s skin [19,20]. Therefore, safe and stable whitening preparations are receiving
increasing attention. A large number of by-products, such as shells, are produced during
the pearl harvest from the Pinctada martensii [21]. The main ways of utilization include
decoration, building paint, feed, and other purposes. Shell meat, as well as other tissues,
has been the main focus of existing studies, while the active peptides in the inner nacre of
the shell have been less studied. Previous studies have shown that peptides extracted from
the shell flesh tissues of pearl oysters and their related tissues have demonstrated a variety
of biological activities, such as antioxidant [22], anti-photoaging [23], and blood pressure-
lowering effects [24]. Zhou et al. simulated gastrointestinal hydrolysis to prepare peptides
from the meat of Pinctada martensii and verified the antioxidant activity of the peptides using
HepG2 cells [22]. A study successfully predicted potential tyrosinase-inhibitory peptides
from abalone proteins using an anti-tyrosinase prediction tool [25]. However, there has
been limited research on potential whitening peptides within the shell of pearl oysters.

In the present study, peptides derived from the nacre powder of Pinctada martensii
after undergoing high temperature and pressure treatment. Neutral proteases have been
used in the enzymatic digestion of shellfish. To break down the insoluble proteins in
the pearl layer, we conducted a combination of neutral proteases and pineapple protease
for enzymatic digestion, and then characterized them using LC–MS/MS. The potential
tyrosinase-inhibitory peptides were then screened through molecular docking. Subse-
quently, they were synthesized in solid phase and examined for their tyrosinase-inhibitory
mechanism and antioxidant capacity at both in vitro and cellular levels. These findings
could contribute to the development of new cosmetic ingredients and natural food-based
functional foods.
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2. Results and Discussion

2.1. Inhibition of Tyrosinase and Antioxidant Activity of the Enzymatic Hydrolysis Product

A preliminary investigation of tyrosinase activity and antioxidant activity was con-
ducted on the enzymatic hydrolysis product obtained from nacre powder after high-
temperature and high-pressure treatment and complex enzymatic digestion. The results,
as presented in Table 1, indicate that the nacre peptide digest exhibits a certain inhibitory
effect on tyrosinase and possesses antioxidant properties. These findings suggest that it
holds promise for the development of tyrosinase-inhibiting peptides.

Table 1. Tyrosinase-inhibitory activity and antioxidant activity of Enzymatic hydrolysis product NP-PMH.

Enzymatic Hydrolysis
Product

Tyrosinase Inhibitory Activity
(IC50, mg/mL)

DPPH Free Radical
Scavenging

(1 mg/mL, %)

ABTS Free Radical
Scavenging

(1 mg/mL, %)

NP-PMH 6.743 ± 0.067 1.139 ± 0.232 85.050 ± 2.770

2.2. Identification and Molecular Docking

The mass spectrometry data were analyzed using the software PEAKS Studio 8.5. The
identification results were compared using the UniProt database. For efficient screening,
peptides with amino acid residues < 10 and score > 20 were selected to docking with
tyrosinase (2Y9X) [26].

Molecular docking is a commonly used method to simulate the way molecules interact
with each other and predict their binding modes and affinities using a computerized
platform [27]. The method is widely used to probe the binding ability of small molecules
interacting with large molecules [28]. A lower intermolecular binding energy indicates
better peptide–protein affinity and theoretically more tyrosinase-inhibitory activity of
the peptides.

As shown in Table 2, molecular docking of 32 peptides was performed using Autodock
vina, and the receptor was tyrosinase [29]. In terms of amino acid composition, hydrophobic
amino acids, aromatic ring-containing amino acids, and polar amino acids play a crucial
role in protein–ligand interactions [30]. Additionally, the amino acid composition also
influences the water solubility of peptides. Taking into account the peptide’s GRAVY
score < −0.5, amino acid composition, and binding energy, three peptides—AHYYD,
KPIWT, and TFSGNYP—were finally selected for the subsequent study. The predicted
binding energies of AHYYD, KPIWT, and TFSGNYP were −8.0 kcal/mol, −7.4 kcal/mol,
and −7.3 kcal/mol, respectively. Docking binding was slightly lower than the results for
peptides extracted from Atrina pectinata Mantle, where a lower binding energy indicates
a more favorable binding effect [31]. To visually demonstrate how the peptides bind
to tyrosinase, a visual analysis was conducted using the Discovery Studio 2019 client
tool. As shown in Table 3 and Figure 1, Docking results showed that the peptide formed
interactions with residues such as HIS263, ASN260, and VAL283 near the active site pocket
of tyrosinase [32]. AHYYD formed four hydrogen bonds with SER282, CYS83, GLU322,
and ASN260 of tyrosinase. The bond lengths ranged from 2.10 Å to 3.18 Å. KPIWT
formed two hydrogen bonds with MET280 and ASN81 of tyrosinase, with bond lengths of
2.62 Å and 3.36 Å. TFSGNYP formed six hydrogen bonds with ASN81, SER282, GLY281,
VAL283, ALA246, and GLY245 of tyrosinase, and the bond lengths ranged from 2.13 to
5.26 Å. The shorter the hydrogen bond, the greater the bond energy, indicating that the
ligand and receptor form a more stable bond [26]. In the hydrophobic interactions with
tyrosinase, all three peptides form hydrophobic interactions with PRO284 and HIS263.
KPIWT and AHYYD form hydrophobic interactions with VAL283. KPIWT and TFSGNYP
form hydrophobic interactions with ALA286. On the basis of the amino acid residues where
the three peptides form hydrophobic interactions, most of the amino acids they interact
with are similar to each other. Due to the similarity of the hydrophobic interactions, we
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infer that the difference in binding energies is primarily due to variations in hydrogen
bonding. Hydrogen bonding is identified as the main driving force.

Figure 1. The 3D and 2D visualizations of molecular docking of AHYYD, KPIWT, and TFSGNYP
with tyrosinase (2Y9X).
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Table 2. Potential tyrosinase-inhibitory peptide sequences: screening by mass spectrometry and
molecular docking.

NO. Sequences Length Score Toxicity Affinity Gravy

1 AHYYD 5 27.12 Non −8.0 −1.5
2 GGFGNW 6 30.94 Non −7.8 −0.47
3 KPIWT 5 20.49 Non −7.4 −0.52
4 TFSGNYP 7 21.74 Non −7.3 −0.79
5 ATFDAI 6 27.86 Non −7.2 1.12
6 NRIPN 5 25.39 Non −7.2 −1.72
7 KRSLE 5 21.85 Non −7.0 −1.78
8 HKDGY 5 26.84 Non −6.9 −2.46
9 ERHLGY 6 24.12 Non −6.9 −1.52

10 SIIDEVVA 8 23.32 Non −6.9 1.43

Table 2. Cont.

NO. Sequences Length Score Toxicity Affinity Gravy

11 KDLFF 5 20.31 Non −6.9 0.4
12 GHSLTQF 7 35.06 Non −6.8 −0.29
13 FGSLSF 6 24.8 Non −6.8 1.23
14 GGSFSVR 7 26 Non −6.8 0.01
15 TNNFT 5 20.4 Non −6.7 −1.12
16 LPEEV 5 23 Non −6.7 −0.12
17 SASTTLEE 8 22.84 Non −6.6 −0.55
18 VTANPANT 8 21 Non −6.6 −0.28
19 HSSAHS 6 20.36 Non −6.5 −1.17
20 TNTSNP 6 23.65 Non −6.5 −1.8
21 SDLGGI 6 21.62 Non −6.5 0.53
22 MVSLEG 6 20.69 Non −6.5 0.87
23 LKGHEDL 7 20.01 Non −6.4 −0.99
24 SIDLYK 6 20.7 Non −6.4 −0.2
25 MDLSHA 6 21.73 Non −6.3 0
26 DYQLP 5 21.75 Non −6.2 −1.22
27 KEMQGG 6 20.62 Non −6.2 −1.63
28 HTLESKPNPD 10 22.99 Non −5.9 −1.85
29 KEPNK 5 20.77 Non −5.9 −3.28
30 TDIIDG 6 24.25 Non −5.8 0.15
31 KKQLM 5 20.39 Non −5.8 −1.12
32 MQVTPASA 8 22.86 Non −5.8 0.39

Table 3. Molecular docking sites of AHYYD, KPIWT, and TFSGNYP with tyrosinase (2Y9X).

Peptides Hydrogen Bonds Hydrophobic Interaction Electrostatic Interaction

AHYYD Ser282,Cys83 Glu322,Asn260 Val283,Pro284,His263
KPIWT Met280,Asn81 Ala286,His263Val283,Pro284

TFSGNYP Asn81,Ser282,Gly281,Val283,Ala246,Gly245 His263,Ala286,Pro284

2.3. Molecular Dynamics Simulation

The stability and binding affinity between tyrosinase and the three small molecules
were further investigated using the GROMACS program, with the three complex docked
systems as the initial structure. The 100 ns molecular dynamics (MD) simulation method
was used to obtain stable complex systems for further comparison of the three small
molecules at the molecular level. The trajectory data obtained from the 100 ns were analyzed
to derive the kinetic properties of the three complexes. Root mean square deviation (RMSD),
radius of gyration (Rg), solvent accessible surface area (SASA), root mean square fluctuation
(RMSF), and Hbond number were utilized to assess each system in the MD study, and the
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results are presented. As shown in Figure 2, a graph of each parameter of the dynamics
is plotted.

Root mean square deviation (RMSD) is a metric used to assess structural changes in
proteins [33]. The results show that the RMSD between proteins and small molecules is
large in the first 30 ns of the simulation. Tyrosinase with AHYYD stabilizes the fastest,
the RMSD value remains within a small range, indicating that the binding of proteins
to small molecules is relatively stable. Root mean square fluctuation (RMSF) is a metric
used to assess the dynamics of proteins [34]. The results show that the residues in the key
regions increase in flexibility, and the RMSF values are larger in the binding portion in
the 300–400 region. Tyrosinase with AHYYD and tyrosinase with TFSGNYP were more
variable. The RMSF of tyrosinase with AHYYD reaches a maximum value of 0.5 nm,
while it is smaller in the unbound portion. The RMSF values are all below 1 Å. The
minimal fluctuation indicates that these atoms create stable complexes with tyrosinase
because of robust intermolecular interactions, restricting their movement in molecular
dynamics simulations [35]. Gyrate is an indicator of the overall compactness of a protein
and characterizes the distribution of system atoms along a specific axis [28]. The results
indicate that after the binding of the protein with the three small molecules, the gyrate
value of tyrosinase with AHYYD tends to stabilize after 20 ns, while the gyrate value of
tyrosinase with TFSGNYP tends to decrease after 60 ns. This suggests that the binding of
small molecules leads to a more compact protein structure. KPIWT, on the other hand, kept
fluctuating within a small range repeatedly. SASA is a metric used to assess the surface
area of proteins. The results indicate that the amplitude of the tyrosinase with AHYYD
curve fluctuates slightly between 170 and 180 and then decreases slightly. This suggests
that protein–protein interactions have little effect on the stability of protein molecules. The
amplitudes of the tyrosinase with TFSGNYP and tyrosinase with KPIWT curves are similar,
but they exhibit opposite trends. The SASA value of tyrosinase with TFSGNYP shows
a decreasing trend after 60 ns, indicating that the binding of small molecules causes the
protein molecule to become more compact, aligning with the results of gyrate analysis. A
hydrogen bond is a metric used to assess hydrogen bonding between proteins and small
molecules. The results show that many hydrogen bonds are formed between proteins
and small molecules during the simulation. These bonds are dominated by interactions
between key residues in tyrosinase and peptides in the molecular docking results.

Figure 2. Molecular dynamics results of tyrosinase with AHYYD, KPIWT, and TFSGNYP. (A) RMSD;
(B) RMSF; (C) Rg; (D) SASA; (E) Hbond number.

Analyzing the RMSD, RMSF, Gyrate, SASA, and Hbond number results of the three
peptide–enzyme complexes mentioned above, it can be concluded that AHYYD and TF-
SGNYP interact with tyrosinase more effectively than KPIWT, protein–small molecule
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interaction appears stable, and the binding of small molecules leads to a more compact
protein structure.

2.4. Tyrosinase-Inhibitory Activity and Antioxidant Capacity of Synthetic Peptides

In terms of amino acid composition, AHYYD contains two repetitive benzene-ring-
containing amino acid residues, Tyr, and a hydrophobic amino acid, Ala. It has been shown
that the repetitive amino acid sequence enhances tyrosinase inhibition [36]. TFSGNYP
contains the polar amino acid Ser, a benzene-ring-containing amino acid residue, Phe, and a
hydrophobic amino acid, Pro. KPIWT has the benzene-ring-containing amino acid residue
Trp and the hydrophobic amino acid Pro. It has been reported that hydrophobic amino
acids, benzene-ring-containing amino acid residues, and polar amino acids contribute to
tyrosinase inhibition. As shown in Table 4, the synthetic peptides AHYYD, KPIWT, and
TFSGNYP derived from Pinctada martensii exhibited varying degrees of inhibitory activity
against tyrosinase, with Kojic acid serving as a positive control. From the molecular docking
visualization results, it can be seen that although the hydrophobic interactions between
the three peptides and the enzyme are relatively similar, their distinct hydrogen-bonding
interactions may affect the inhibition of tyrosinase activity in vitro. Among these, AHYYD
demonstrated a significant inhibitory effect, its IC50 value is 2.012 ± 0.088 mM, consistent
with the findings of molecular docking screening; this result is similar to the peptides
activity identified in the mantle of Atrina pectinata [31].

Table 4. Effects of AHYYD, TFSGNYP, KPIWT, and positive control Kojic acid on tyrosinase activity.

Samples IC50 (mM)

AHYYD 2.012 ± 0.088
TFSGNYP >5

KPIWT >10
Kojic acid 0.01 ± 0.003

As depicted in Figure 3, there was no significant difference in DPPH clearance between
AHYYD and TFSGNYP at any of the five concentrations (p > 0.05). However, KPIWT
showed a significant difference from both AHYYD and TFSGNYP at concentrations of
0.1–2 mg/mL; AHYYD and TFSGNYP exhibited a stronger DPPH clearance effect than
KPIWT (p < 0.05) at the corresponding concentrations. There was no significant difference in
the clearance of DPPH by the three peptides at a concentration of 4 mg/mL. The IC50 values
for ABTS clearance by AHYYD, KPIWT, and TFSGNYP were 1.416 mg/mL, 0.7955 mg/mL,
and 0.2785 mg/mL, respectively, with a significant difference between the three peptides
(p < 0.05). A smaller IC50 value indicates a better scavenging effect. It can be observed that
TFSGNYP exhibits the strongest scavenging ability for ABTS radicals, followed by KPIWT
and AHYYD. Vitamin C (Vc) was utilized as a positive control.
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Figure 3. Scavenging capacity of peptides for DPPH free radicals (A); Scavenging capacity of peptides
for ABTS free radicals (B).

2.5. Inhibition Dynamics Analysis

Based on the observation that the inhibition of tyrosinase by the synthetic peptide
AHYYD was reversible, the type of inhibition was further elucidated by constructing a
Lineweaver–Burk double inverse plot of the enzymatic reaction rate against the concen-
tration of the substrate (L-tyrosine). In this plot, the intercept with the Y-axis represents
1/Vmax, while the intercept with the X-axis represents −1/Km. As depicted in Figure 4,
when the concentration of tyrosinase, the concentration of synthetic peptide (0, 0.3, 0.6,
1.2 mM, respectively), and the concentration of substrate L-tyrosine remained constant,
the reciprocal of the enzymatic reaction rate exhibited a linear correlation with the re-
ciprocal of the substrate concentration. The slope of the line increased with the rise in
synthetic peptide concentration, indicating a mixed type of inhibition [37]. By using the
quadratic plotting method, the slopes of the four straight lines in the Lineweaver–Burk
double inverse plot were plotted against the synthetic peptide concentration [38]. The
inhibition constants of AHYYD on the free enzyme were calculated as Ki = 0.601 mmol/L,
and as Kis = 38.375 mmol/L on the enzyme–substrate complex. The smaller the inhibition
constants, the higher the binding affinity of the inhibitor to the enzyme, Ki << Kis indicates
that AHYYD clearly favors the binding site with the free enzyme.

Figure 4. (A) Plots of enzymatic reaction rate versus tyrosinase concentration. (B) Plots of Lineweaver–
Burk; the secondary plots of slope and Y-intercept versus concentration of AHYYD are shown in
the inset.

2.6. CD Spectra Analysis

CD spectroscopy is a precise method used to study the secondary structure of biomolecules,
including proteins. It allows for the rapid analysis of protein conformational changes
caused by the addition of ligands [39]. The addition of AHYYD caused changes in the
secondary structure of tyrosinase (Figure 5). In the spectrum of free tyrosinase, there are
two negative bands near 208 nm and 222 nm, which are characteristic peaks of the α-helical
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structure in the secondary structure [40]. The content of α-helix, β-folding, and β-turning
increased from 32.53%, 16.27%, and 18.20% to 36.8%, 23.77%, and 21.93% and the random
coil content decreased from 30.83% to 18.33%, respectively. The rise in the α-helix content
suggests that the interaction between the peptide and tyrosinase caused the tyrosinase
structure to become more compact. This finding contrasts with the interaction between
tretinoin and tyrosinase, suggesting that it leads to a change in the tyrosinase conformation
to some extent [37].

Figure 5. The CD spectra of tyrosinase in the absence and presence of AHYYD. c (tyrosi-
nase) = 0.4 mg/mL, and c (AHYYD) = 0.6 mM.

2.7. Isothermal Titration Calorimetry Analysis

ITC can measure the binding strength of protein–protein interactions by quantifying
the thermodynamic changes in complex reactions [41]. The titration of tyrosinase by
AHYYD exhibited significant heat changes, indicating binding (Figure 6). The data were
analyzed using the independent model, and the thermodynamic binding parameters were
calculated. The results showed that the enthalpy (ΔH) was −7.282 kJ/mol, the binding
constant (Ka) was 2.495 × 104 M−1, the entropy change (ΔS) was 60.7 J/mol·K, and the
standard free energy change (ΔG) was −1.883 × 104 kJ/mol. Negative values of ΔG
indicate that the bimolecular reaction is spontaneous. The change in enthalpy indicates that
the process is essentially exothermic, which is consistent with the findings of Yu et al [34].
The titration curves are more consistent with the “one set of binding sites” model [42]. The
mechanism of inhibition categorizes AHYYD as competitive inhibition, indicating that
AHYYD binds to the active site of tyrosinase. This finding further confirms the proposed
mechanism of inhibition based on inhibition kinetics.

Figure 6. Interaction of AHYYD with tyrosinase studied by ITC at 37 ◦C showed the thermogram
and binding isotherm (tyrosinase) = 0.001 mM, and c (AHYYD) = 1 mM.
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2.8. Study on the Whitening Effect of Peptides Based on B16F10 Cells
2.8.1. Cell Viability

As depicted in Figure 7A, there was no significant difference in the viability of B16F10
cells within the concentration range of 15–1200 μM concentration of the synthetic peptide
AHYYD compared to the control group (p > 0.05). This suggests that the synthetic peptide
AHYYD did not exhibit any cytotoxic effects. Consequently, the concentrations of 15, 37.5,
and 75 μM were chosen for the subsequent experiments.

Figure 7. (A) Effects of AHYYD on cell viability. (B) Effects of AHYYD and Kojic acid on tyrosinase
activity in B16F10 cells. (C) Effects of AHYYD and Kojic acid on melanin production in B16F10 cells. c
(Kojic acid) = 350 μM. Different letters indicate that there are significant differences in data (p < 0.05).

2.8.2. Effect of AHYYD on the Tyrosinase Activity and Melanin Content of B16F10 Cells

As shown in Figure 7B,C, compared with the control group, AHYYD significantly
inhibited the tyrosinase activity of B16F10 cells in the concentration range of 15–75 μM
(p < 0.05). Additionally, the intracellular melanin content was significantly reduced by
AHYYD in the concentration range of 15–75 μM (p < 0.05). The trend in tyrosinase activity
and melanin content mirrored that of the peptides extracted from pearl shell meat [26]. At
the maximum treatment concentration, the intracellular tyrosinase activity and melanin
content were reduced by 9.08% and 13.48%, respectively. Kojic acid caused a reduction of
19.51% in tyrosinase activity and 18.54% in melanin content.

2.8.3. Effect of AHYYD on the Antioxidant Enzyme Activity and ROS Content of
B16F10 Cells

SOD, CAT, and GSH-Px are antioxidant enzymes that collaborate to regulate antioxi-
dant processes and safeguard cells from oxidative stress damage [43]. As can be seen from
Figure 8, the activities of GSH-Px and SOD enzymes exhibited a concentration-dependent
relationship with increasing concentrations of AHYYD. The activities of CAT, GSH-Px,
and SOD increased by 73.05%, 139.08%, and 41.25%, respectively, under the maximum
treatment concentration, and by 24.55%, 52.85%, and 68.92%, respectively. At the maximum
treatment concentration, the CAT and GSH-Px activities were superior (p < 0.05) compared
to Kojic acid. However, both of them were still far away from Kojic acid in terms of SOD
activity (p < 0.05). Therefore, AHYYD exhibited a protective effect on the antioxidant
system by enhancing the activity of antioxidant enzymes in B16F10 cells, thereby prevent-
ing melanin production. Reactive oxygen species (ROS) serve as a crucial indicator of
antioxidant connectivity in the organism. As shown in Figure 8G, at a concentration of
75 μM, the intracellular ROS levels were reduced to 52.61% and 65.44% of the untreated
group after AHYYD and tretinoin treatment, respectively.

GSH, GSSG, and MDA are crucial metabolic regulators in the cell [44]. GSH helps
maintain normal immune system function and has antioxidant effects. It exists in two
forms: reduced glutathione (GSH) and oxidized glutathione (GSSG). MDA content is a
significant parameter that reflects the body’s antioxidant potential, indicating the rate and
intensity of lipid peroxidation and indirectly reflecting the extent of tissue peroxidation
damage. Under the maximum treatment concentration, the content of GSH increased by
44.07%, while the content of GSSG and MDA decreased by 52.86% and 56.56%, respectively.
These changes were not significantly different from those observed in the positive control
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group treated with Kojic acid (p > 0.05). This suggests that AHYYD demonstrates a superior
ability in regulating GSH, GSSG, and MDA levels. Along with the antioxidant enzymes
mentioned above, it effectively protects B16F10 cells from oxidative damage.

Figure 8. Effect of AHYYD on the intracellular antioxidant capacity in B16F10 cells; (A) CAT; (B) GSH-
Px; (C) SOD; (D) GSH; (E) GSSG; (F) MDA; (G) ROS. c (Kojic acid) = 350 μM. Different letters indicate
that there are significant differences in data (p < 0.05).

3. Materials and Methods

3.1. Materials

The nacre powder of the Pinctada martensii was purchased from Guangdong Shaohe
Pearl Co., Ltd. (Shantou, China). The tyrosinase (from Mushroom, 500 U/mg) and PBS
buffer were purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).
The L-tyrosine was obtained from Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). The fetal bovine serum (FBS) was purchased from Serana Europe
GmbH (Dorfstrasse 17A, Pessin, Brandenburg, Germany), and the penicillin–streptomycin
mixture was purchased from Beijing Soleberg Biotechnology Co., Ltd. (Beijing, China).
The DMEM/F−12 medium and trypsin-EDTA digest were purchased from Thermo Fisher
Scientific (Shanghai, China).

3.2. Preparation of Enzymatic Digests of Nacre Peptides

A total of 50 g of nacre powder from Pinctada martensii was dissolved in 250 mL
(v:w = 5:1) of water and heated at high temperature (121 ◦C) and pressure for 20 min. Then,
0.1250 g of pineapple protease (0.25% by mass of nacre powder) and 0.2500 g of neutral
protease (0.5% by mass of nacre powder) were added to the pre-treated nacre powder
solution, and the enzyme digestion was conducted at a temperature of 50 ◦C for 4 h. Finally,
the mixture was heated at 100 ◦C for 20 min. The supernatant was centrifuged at 8000 rpm
for 20 min at 4 ◦C to obtain the pearl peptide solution after vacuum concentration.
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3.3. Tyrosinase-Inhibitory Activity and Antioxidant Activity Assay of Enzyme Digests

We followed the method of Yu [37], with a slight modification. L-tyrosine solution
(0.5 mg/mL), sample solution, and PBS buffer were sequentially added into the 96-well
plate, thoroughly mixed, and then incubated at 37 ◦C for 10 min, then 20 μL of tyrosinase
solution (500 U/mL) was added into each well, followed by immediate placement into the
enzyme marker after the reaction at 37 ◦C for (10 min ± 5 s). The results were analyzed at
475 nm. DPPH and ABTS free-radical-scavenging capacity assays were conducted using
kits from Grace Biotechnology Co., Ltd. (Jiangsu, China).

Tyrosinase inhibition rate% =

(
1 − A4 − A3

A2 − A1

)
× 100% (1)

where A4 is the absorption value of the reaction well, A3 is the absorption value of the
Sample Background well, A2 is the absorption value of the Solvent reaction well, and A1 is
the absorption value of the Solvent base well.

3.4. Protein Sequence Identification

The amino acid sequence was identified by using the Bio-Tech Pack Technology Co.
(Beijing, China). The nacre peptides were reduced and alkylated separately as samples, an
Easy-nLC 1200 system coupled with a Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass
Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with an ESI nanospray source.
Then, they were analyzed by liquid chromatography–mass spectrometry (LC–MS/MS) to
generate a raw file of the mass spectrometry results. The total ion chromatograms were
obtained using Xcalibur 4.0 software. The mass spectrometry data were analyzed using
the software PEAKS Studio 8.5, and the identification results were compared with the
UniProt database.

3.5. Molecular Docking Studies

Studying the peptides and tyrosinase using molecular docking methods, we referred
to the method of Wang [31]. The ligands and proteins required for molecular docking
were prepared using AutoDock Vina 1.1.2 software. Tyrosinase (PDB: 2Y9X) was utilized
as the receptor, and a peptide was employed as the ligand. The peptides were designed
using ChemDraw and energy-minimized using Chem3D. The crystal structure of the tar-
get protein was obtained from the PDB database (https://www.rcsb.org/structure/2Y9X,
accessed on 25 November 2023). Autodock Vina 1.1.2 software was used to perform
molecular docking with default parameters to calculate the binding energy of the pep-
tide sequence to the enzyme. The binding-free energy (kcal/mol) of the target struc-
ture represents the binding ability of the two molecules, and the lower the binding-
free energy, the more stable the binding between the ligand and the receptor. Pymol
(https://pymol.org/2/, accessed on 3 December 2023) was used for visual analysis,
while Discovery Studio 2019 was utilized for further exploration. Discovery Studio 2019
(https://www.3ds.com/products/biovia/discovery-studio/visualization, accessed on 3
December 2023) was used for visual analysis of the 2D images. The tyrosinase docking
centers were X = −10.09, Y = −28.03, and Z = −43.14.

3.6. Molecular Dynamics Simulations

GROMACS 2022.3 software was used for the molecular dynamics simulation [45,46].
For small molecule preprocessing, AmberTools22 was employed to apply the GAFF force
field to small molecules, while Gaussian 16W was used for hydrogenating small molecules
and calculating the RESP potential. Potential data will be added to the topology file of
molecular dynamics system. Following the completion of the simulation, the software’s
built-in tool was utilized to analyze the trajectory. The root mean square variance (RMSD),
root mean square fluctuation (RMSF), solvent accessible surface area (SASA), radius of
gyration (Rg), and hydrogen bond were calculated for each amino acid trajectory.
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3.7. Peptides Synthesis

The peptide was obtained through solid-phase synthesis and synthesized by Amino-
link Biotechnology Co., Ltd. (Shanghai, China). Three peptides with purity above 98%
(w/w) were detected by HPLC: Ala-His-Tyr-Tyr-Asp (AHYYD), Thr-Phe-Ser-Gly-Asn-Tyr-
Pro (TFSGNYP), and Lys-Pro-Ile-Trp-Thr (KPIWT). Mobile phase A, 0.1% trifluoroacetic in
100% water; mobile phase B, 0.1% trifluoroacetic in 100% acetonitrile; flow rate, 1 mL/min;
column, Inertsil ODS-SP (4.6 × 250 mm × 5 μm), with a detection wavelength of 220 nm.
Eventually, the purified peptides were identified by ESI–MS spectroscopy.

3.8. Determination of Inhibition Type

Keeping the L-tyrosine concentration constant at 0.5 mg/mL, the concentrations of the
synthetic peptide and tyrosinase were varied. The change in the OD475 absorbance value
was continuously monitored at 37 ◦C after mixing. The enzyme concentration is plotted
on the horizontal axis, while the rate of absorbance change is plotted on the vertical axis.
Under the conditions of varying the peptide concentration and substrate concentration
while keeping the tyrosinase solution constant, the reciprocal of the substrate concentration
was plotted on the horizontal axis, and the reciprocal of the rate of absorbance change was
plotted on the vertical ax.

3.9. CD Measurements

We used circular dichroism to study peptide–enzyme interactions, referring to the
method of Yu [47]. The concentration of AHYYD was 0.6 mM, and the concentration of
tyrosinase was 0.4 mg/mL. The reaction system comprised 100 μL of tyrosinase solution
mixed with 20 μL of AHYYD solution, which reacted for over 30 min at 37 ◦C. All data
were collected three times. The changes in the secondary structure were analyzed using
CDNN 2.1 software.

3.10. Isothermal Titration Calorimetry Analysis

Peptide (1 mM) was used to titrate tyrosinase (0.001 mM) to study thermodynamic
changes. The initial volume of the peptide solution for titration was 50 μL (inhaled into the
syringe); the initial volume of the tyrosinase solution for titration was 300 μL (added to
the cuvette). The reaction conditions included adding 25 drops of 2 μL each with a 120 s
interval between drops at 37 ◦C and a stirring speed of 350 r/min; the experimental group
involved titrating the peptide with tyrosinase, while the control group involved titrating
the peptide with a solvent buffer. We calculated the binding constant (Ka), enthalpy change
(ΔH), and entropy change (ΔS) during the Gibbs free energy (ΔG) changes [39].

ΔG = ΔH − T·ΔS (2)

3.11. Cytotoxicity of AHYYD to B16F10 Cells

The B16F10 cells were obtained from FengHui Biotechnology Co., Ltd. (Hunan, China).
B16F10 cell cultures from generations 10–25 were grown in medium (DMEM supplemented
with 10% fetal bovine serum, 1% antibiotic–antifungal solution) in a 5% CO2 incubator at
37 ◦C.

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) assay. During the
logarithmic growth phase, 100 μL of cell suspension was dispensed into 96-well plates,
with 3000 cells per well, and the supernatant was removed after incubation at 37 ◦C for 24 h.
Wells containing 100 μL of medium served as blank controls. Determination of viability
after 48 h of sample treatment.

3.12. Effect of AHYYD on Melanin and Tyrosinase Synthesis in B16F10 Melanoma Cells

The cells in the logarithmic growth phase were seeded at a density of 2 × 105 cells
per well in 6-well plates. After 24 h of culture, the supernatant was removed. The control
group, positive control group for Kojic acid (350 μM) [48], and peptide-treated groups
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(15, 37.5, 75 μM) were established. After 48 h of incubation, the cells were lysed, and the
cell lysates were centrifuged at 12,000 rpm for 10 min. The reaction mixture consisted of
50 μL of cell lysate supernatant, 50 μL of 1 mg/mL L-DOPA, and 50 μL of PBS buffer. The
mixture was incubated at 37 ◦C for 1 h. The dopamine formation level was then measured
spectrophotometrically at 475 nm. Tyrosinase activity was expressed as a percentage of the
blank control [49].

The cell culture stage for melanin content determination was as follows: the cells
were washed twice with PBS buffer after 48 h of peptide treatment. Trypsin digestion
was performed, and the cells were collected. The lower precipitate was removed by
centrifugation for 5 min and the precipitate was lysed by dissolving it in 1 mol/L NaOH
containing 10% DMSO for 1 h at 80 ◦C. Subsequently, the cell lysate was centrifuged at
12,000 rpm for 10 min. A total of 200 μL of the supernatant was transferred to a 96-well plate,
and the absorbance was measured at 405 nm. The melanin content was then expressed as a
percentage of the control group [49].

3.13. Effect of AHYYD on Antioxidant Enzyme Activity and ROS in B16F10 Cells

The cell culture and treatment methods were the same as those described in Section 3.12.
The activities of catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide dis-
mutase (SOD) were determined using the assay kit from Nanjing Jianjian Bioengineering
Research Institute (Nanjing, China). The ROS content was determined using the method
provided by Biyuntian Bio-Technology Company Limited (Shanghai, China).

3.14. Statistical Analysis

All data are expressed as the mean ± standard deviation (SD) of at least three different
experiments. Multiple group comparisons were conducted using one-way analysis of
variance (ANOVA) and Duncan’s multiple-range test in IBM SPSS Statistics 27. A p-value
less than 0.05 was considered statistically significant. The molecular docking was per-
formed using AutoDock Vina, and the molecular dynamics simulations were performed by
GROMACS 2022.3. The graphical abstracts were created using Figdraw 2.0.

4. Conclusions

In the present study, we found that peptides derived from the nacre powder of the
Pinctada martensii exhibit significant potential for inhibiting tyrosinase. The inhibitory
peptide AHYYD was identified from nacre powder peptide by LC–MS/MS and molecular
docking screening. It exhibited tyrosinase inhibition with an IC50 value of 2.012 ± 0.088 mM.
Inhibition kinetics and isothermal titration results showed that AHYYD was a reversible
competitive inhibitor. Molecular docking and molecular dynamics simulations indicated
that AHYYD had a strong binding affinity, with a binding energy of −8.0 kcal/mol. The
effects of AHYYD on tyrosinase activity, melanin production, and antioxidant enzyme
activities were investigated in mouse B16F10 melanoma cells. The results showed that
AHYYD significantly inhibited intracellular tyrosinase activity and melanin content, and
had a positive effect on the intracellular antioxidant enzyme system. It can be concluded
that the peptide AHYYD extracted from Pinctada martensii has good therapeutic efficacy.
This can be further confirmed through animal experiments and utilized for the development
of food or cosmetic products.
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Abstract: Ulva prolifera, a type of green algae that can be consumed, was utilized in the production of
an angiotensin-I converting enzyme (ACE) inhibitory peptide. The protein from the algae was isolated
and subsequently hydrolyzed using a neutral protease. The resulting hydrolysate underwent several
processes including Sephadex-G100 filtration chromatography, ultrafiltration, HPLC-Q-TOF-MS
analysis, ADMET screening, UV spectrum detection test, molecular docking, and molecular dynamic
simulation. Then, the ACE inhibitory peptide named KAF (IC50, 0.63 ± 0.26 μM) was identified.
The effectiveness of this peptide in inhibiting ACE can be primarily attributed to two conventional
hydrogen bonds. Additionally, it could activate endothelial nitric oxide synthase (eNOS) activity to
promote the generation of nitric oxide (NO). Additionally, KAF primarily increased the intracellular
calcium (Ca2+) level by acting on L-type Ca2+ channel (LTCC) and the ryanodine receptor (RyR) in the
endoplasmic reticulum, and completed the activation of eNOS under the mediation of protein kinase
B (Akt) signaling pathway. Our study has confirmed that KAF has the potential to be processed into
pharmaceutical candidate functions on vasoconstriction.

Keywords: Ulva prolifera protein; ACE inhibitory peptide; Akt; vasodilation mechanism

1. Introduction

Hypertension has emerged as a global health concern, affecting more than 1.13 billion
people worldwide, according to a survey conducted by the World Health Organization [1].
The renin–angiotensin–aldosterone regulatory system (RAAS) plays a crucial role in the
regulation of blood pressure [2]. Within this system, ACE is one of the key enzymes,
catalyzes the conversion of inactive Angiotensin I (Ang I) into the potent vasoconstrictor
Angiotensin II (Ang II), thereby deactivating the vasodilator bradykinin [3]; this highlights
the effectiveness of ACE inhibitors as an important therapeutic approach for the treatment
of hypertension. Small molecules can enter the active pocket and inhibit the activity of
ACE [4]. Currently, bioactive peptides with ACE inhibitory activity and no side effects
have garnered significant attention. Various animal and plant proteins, such as Mytilus
edulis [5], sea cucumber (Apostichopus japonicus) gonads [6], skipjack tuna (Katsuwonus
pelamis) muscle [7], and Takifugu flavidus [8] have been reported to contain ACE inhibitory
peptides. These peptides hold promise as natural alternatives for managing hypertension.

Ulva prolifera, an edible green alga, thrives in the coastal areas of China. However, over
the past decade, excessive nutrients in the water have caused recurring outbreaks of green
tides dominated by U. prolifera. These tides lead to the accumulation of algae on the seabed,
resulting in water hypoxia and the subsequent death of aquatic organisms [9]. Cleaning up
excessive U. prolifera requires significant manpower and resources. Therefore, it is essential
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to explore ways to transform this alga into a valuable resource. A previous study indicated
that Enteromorpha spp. (one of U. prolifera) boasts a substantial biomass and possesses
an excellent nutritional composition, including proteins (9–14%), ether extract (2–3.6%),
ash (32–36%), and a total fatty acid content of 10.9 g/100 g [10]. These characteristics
make U. prolifera a promising candidate for various commercial applications. Previous
studies have shown that the enzymatic hydrolysis of U. prolifera proteins can generate small-
molecule peptides with ACE inhibitory activity [11]. However, the mechanism behind the
vasodilation effects of U. prolifera peptides has not been reported before.

The endothelium, a cellular monolayer lining the blood vessel wall, plays a crucial role
in maintaining overall health and homeostasis in multiple organs [12]. Endothelial cells are
involved in regulating blood pressure through the secretion of various cytokines. However,
metabolic disorders can lead to endothelial dysfunction and damage in the body. Therefore,
in vitro cultivation of vascular endothelial cells is an important method of studying the
mechanism of ACE inhibitory peptides [13,14]. Nitric oxide (NO), produced by various
organs and tissues, has a blood-pressure-lowering effect and enhances male sexual function.
Previous studies have reported that small molecules can activate the phosphorylation of
eNOS in endothelial cells, thereby promoting NO synthesis [15]. Therefore, it is important
to explore the function of eNOS activation and NO production by U. prolifera peptides.

The objective of this study was to develop a promising ACE inhibitory peptide from
U. prolifera. Additionally, the inhibitory pattern and molecular interaction mechanism of
the peptide were investigated. Furthermore, the cellular mechanism by which the purified
peptide regulates blood pressure was explored using human umbilical vein endothelial
cells (HUVECs).

2. Results and Discussion

2.1. Purification and Identification of ACE Inhibitory Peptides from U. prolifera
Protein Hydrolysate

Some proteins can produce ACE inhibitory peptides in the digestion of neutral pro-
tease, such as Pacific saury [16], tuna processing by-products [17], and Bovine casein [18].
It has also been reported that U. prolifera protein contains peptides with ACE inhibitory
activity [11]. Therefore, in this study, U. prolifera protein was hydrolyzed using neutral
protease under optimal conditions.

Then, a hydrolysate with ACE inhibitory activity was obtained, with degrees of
hydrolysisi (DH) and IC50 of 33.59% and 1471.92 μg/mL, respectively (Figure 1). DH is a
parameter that describes the degree of U. prolifera protein hydrolysis, which is higher than
in the previous report [11]. The result indicates that a large amounts of peptides and amino
acids were released from U. prolifera protein.

To obtain a more efficient fraction, the hydrolysate was separated using the Sephadex-
G100. The separation range of Sephadex-G100 is 4000–15,000 Da, and it can exclude
undecomposed proteins. Additionally, peptides larger than the gel mesh of Sephadex-G100
flow out of the gap quickly. But, instead, peptides smaller than the gel mesh can be repeat-
edly shuttled through each gel particle before eventually exiting the column. Fraction 2
has a longer separation time and therefore contains more small peptides. Subsequently,
Fraction 2 with the highest ACE inhibitory activity was further purified by an ultrafiltration
membrane (Figure 1). Among the three fractions, the one with a molecular weight less
than 3 kDa showed the highest ACE inhibitory activity, with an IC50 value of 26.36 μg/mL
(Table 1). These findings support the notion that smaller peptides are more likely to enter
the active center and possess stronger ACE inhibitory activity [11]. To determine the amino
acid sequences of this fraction (<3 kDa), HPLC-MS/MS analysis was performed, resulting
in the identification of 2257 peptides by comparing the data with those available in the
NCBI database (Table S1).
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Figure 1. Purification of ACE inhibitory peptides. Sephadex G-100 gel chromatography of fractions
from hydrolysates (neutral protease); the IC50 value of different fractions from the ultrafiltration of
Fraction 2 (F2) are exhibited in the inserted table. Data are presented as mean ± SD.

Table 1. Potential ACE inhibitory peptides form protease hydrolysis.

Peptide Peptide Ranker WS Toxin HIA BBB -C Dock Energy IC50 (μM)

DRW 0.88931 GOOD NO 0.7047 −0.8101 fail
GMR 0.884249 GOOD NO 0.6327 −0.6948 fail
MGR 0.860347 GOOD NO 0.6327 −0.6948 fail
RYFR 0.846704 GOOD NO 0.4488 0.8791 fail
KWY 0.794787 GOOD NO 0.9434 −0.8790 fail
RWK 0.774831 GOOD NO 0.8444 −0.8040 fail

LGSFR 0.737369 GOOD NO 0.8291 −0.7994 fail
EGRW 0.734044 GOOD NO 0.8291 −0.7994 fail
WRAA 0.702731 GOOD NO 0.9124 −0.8063 fail

KAF 0.682106 GOOD NO 0.7042 −0.8181 88.967 0.63 ± 0.26
DFT 0.600067 GOOD NO 0.4747 −0.8839 fail

ERFY 0.464208 GOOD NO 0.6018 −0.8872 fail
PAMK 0.419096 GOOD NO 0.774 −0.7314 fail

Captopril 46.94 0.017 [19]

Note: Peptide ranker, >0.5 represents of high biological activity; WS, water solubility; Toxin, water-solubility
HIA+, high human intestinal absorptivity (>30%); BBB+, high blood–brain barrier permeability (>0.1); -CE score,
the score of -C Docker energy (kcal/moL). Fail represents of docking failure between candidates and ACE. Data
are presented as mean ± SD.

2.2. Screening of the Potential ACE Inhibitory Peptides

ADMET has been widely used to screen the highest ACE inhibitory peptides [4]. As
shown in Table 1, thirteen peptides exhibited desirable ADMET parameters, including non-
toxicity, good water solubility, high biological activity, high human intestinal absorptivity,
and high blood–brain barrier permeability. However, among these peptides, only KAF
can dock with ACE according to molecular docking. The MS/MS spectra of this peptide
is shown in Figure 2. In vitro ACE inhibitory assay revealed that KAF exhibited an IC50
value of 0.63 ± 0.26 μM. Interestingly, KAF had a higher -C Dock Energy than captopril
(0.025 μM) but less ACE inhibitory activity [19]. This discrepancy may be attributed to
the fact that captopril, with its smaller molecular size, is more likely to interact with the
ACE enzyme.
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Figure 2. MS/MS spectra of the selected peptide.

2.3. Inhibition Pattern of Peptide against ACE

To investigate the inhibition mechanism of KAF, it was co-incubated with the substrate
(HHL) and ACE under the optimum conditions. Lineweaver–Burk plots suggested KAF
was a competitive inhibitor (Figure 3). Similarly, other peptides from natural product
protein, such as EACF [4], QDVL [15], and AEYLCEAC [20], also exhibited competitive
inhibition. These peptides interacted with the active site of ACE, preventing the generation
of products.

Figure 3. Lineweaver–Burk plots of ACE inhibition by KAF.

2.4. Molecular Docking and Dynamics Simulation

Molecular docking was performed to explore the interaction mechanism between
candidates and ACE. As shown in Figure 4, the stabilized poses of KAF are attributable to
five types of bonds: attractive charge, conventional hydrogen, carbon hydrogen, pi-alkyl,
and metal-acceptor bonds. Among these, the three conditional hydrogen bonds and the
key binding sites Ala354 and Asp415 played an important role in stabilizing KAF-ACE
complex (Figure 4). Additionally, KAF was able to bind the active site Zn701 of ACE by
attractive charge and metal-acceptor bonds, which aligns with the kinetics result indicating
that KAF, as a competitive inhibitor, can enter the active pocket of ACE. In comparison, the
control group Captopril formed one hydrogen bond with ACE and Captopril (Figure 4).
However, Captopril (IC50, 0.025 μM) has a smaller molecular weight (217.28 Da), and it
exhibited higher ACE inhibitory activity than KAF [19]. This may be attributed to the fact
that Captopril, with its smaller molecular size, is more likely to enter the active pocket
and inhibit ACE activity. Similarly, Captopril can enter the S1 active pockets according to
the bind site Ala 354 according to the result of docking result (Table 2). Additionally, both
KAF and Captopril can bind with ACE at several sites as follows: Arg522, Ala354, and
Zn701 (Figure 4).
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(a) (b)

Figure 4. Docking simulation of candidates with ACE. Two-dimensional interaction of KAF–ACE (a)
and Captopril–ACE (b).

Table 2. Interaction information.

Candidates Bond Position Distance(Å) Type Number

KAF

A: ASP415:OD2-KAF:H22
A: ARG522:NH1-KAF: O44

A: ZN701: ZN-KAF: O44

2.16146
4.49144
2.24177

Attractive Charge 3

A: ASP415:OD1-KAF: H21
A: ALA354:O-KAF: H36

2.26404
2.3907 Conventional Hydrogen Bond 2

A: HIS387:HD2-KAF: O44
A: TYR423: OH-KAF: H38

3.01083
2.3496 Carbon Hydrogen Bond 2

A: VAL418-KAF 4.90944 Pi-Alkyl 1

A: ZN701: ZN-KAF: O34 3.0144 Metal-Acceptor 1

Captopril
(Cap)

A: ARG522:NH1-Cap: O11
A: ZN701: ZN-Cap: O11

4.49391
2.27274 Attractive Charge 2

A: ALA356:HN-Cap: O1 2.89368 Conventional Hydrogen Bond 1

A: ALA354:O-Cap: H22 2.91634 Carbon Hydrogen Bond 1

A: HIS387-Cap:H18 2.76629 Pi-Donor Hydrogen Bond;
Pi-Sulfur 1

A: VAL518-Cap 4.64702 Alkyl 1

A: PHE391-Cap: S4
A: HIS410-Cap: S4

4.77799
4.40347 Pi-Sulfur 2

In order to validate the docking results, an MD simulation was conducted to analyze
the dynamic behavior of complexes where atoms and molecules interact as a function of
time [21]. Structural parameters including the root mean square deviation (RMSD), the root
mean square fluctuation (RMSF), radius of gyration (Rg) and accessible surface area (SASA)
were important factors when analyzing the flexibility and conformations of peptide–ACE
complex in solution [22]. As shown in Figure 5a, the lower RMSD value of KAF-ACE
exhibited a higher stability than Captopril-ACE before 20 ns. Similarly, the lower SAS
value indicated the better stability of KAF-ACE before 10 ns. However, Captopril-ACE
exhibited better stability according to RMSD, Rg and SAS value in plateau phase. RMSF
calculates the fluctuations of each atom relative to its average position and is an indicator
of the degree of freedom of atomic motion. In this study, there were five similar flexible
areas (motion amplitude) (100–108; 150–161; 286–319; 430–445 ns and 496–520) in both
KAF–ACE and Captopril–ACE complex (Figure 5c). Interestingly, these flexible regions
were located far from the hydrogen bond sites between KAF and ACE (Asp415 and Ala354),
which explains the affinity between the peptides and ACE.
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(a)

(b)

(c)

(d)

Figure 5. The result of molecular dynamics simulation (kaf: KAF; 2xbz: Captopril; (a) RMSD; (b) Rg;
(c) RMSF (the number represents of flexible areas); (d) SASA).

2.5. Effect of Synthetic Peptides on NO Production, eNOS Activity in HUVECs

In vitro HUVEC incubation has been widely used to investigate the potential anti-
hypertensive mechanism of drug-candidates [15]. In this study, KAF has no effect on
HUVEC proliferation in the concentration of 0–100 μM (Figure 6a). NO, an endothelium-
derived relaxing factor, is produced by eNOS in HUVECs. The phosphorylation of eNOS is
known to enhance NO production, leading to vasodilation [23]. As shown in Figure 6b,
KAF was found to enhance eNOS activity, resulting in increased NO production at a con-
centration of 100 μM. Previous studies have reported the involvement of several cytokines,
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such as Akt [24], AMP-activated protein kinase (AMPK) [25] and mitogen-activated pro-
tein kinase (P38, Jun) [26] in the phosphorylation of eNOS. In order to study explore the
activation mechanism of peptides on eNOS. Some commercial protease inhibitors, such as
Compound C (AMPK inhibitor), SB203580 (P38 inhibitor), LY294002 (Akt inhibitor), and
SP600125 (Jun inhibitor), were used to interfere eNOS phosphorylation induced by pep-
tide. Western blot shown that only LY294002 can prevent eNOS phosphorylation (p < 0.05)
(Figure 7). This suggests that Akt may be involved in KAF-dependent eNOS phosphory-
lation. Furthermore, KAF treatment was found to significantly increase the intracellular
Ca2+ content in HUVECs compared to the untreated peptide group (Figure 8). Ca2+ and
calmodulin kinases were important in eNOS phosphorylation and NO production [27].
Previous studies have reported the existence of channels proteins and their function of
increasing Ca2+ level in endothelial cells [28].

Figure 6. Effect of this Ulva prolifera peptide (KAF) on HUVECs. (a) Effect of peptide on HUVECs
viability; (b) effect of peptide on eNOS activity and NO production in HUVECs. The cells were
treated with peptides at 0, 25, 50, and 100 μM for 24 h; values that do not share a common superscript
lowercase letter within a column differ significantly, p < 0.05.

Additionally, the involvement of Ca2+/calmodulin kinases, such as CaMKII, in in-
creasing intracellular Ca2+ levels and facilitating Ca2+/calmodulin-mediated eNOS acti-
vation has been reported [29]. In this study, calcium chelators (EGTA), CaMK-II inhibitor
(KN93), LTCC blockade (Tetracaine) and RyR inhibition (Nifedipine) attenuated the KAF-
induced eNOS phosphorylation, which indicated that Ca2+ and Ca2+ channels were also
involved in KAF-induced eNOS phosphorylation (Figure 9). A similar situation has been
reported in Betulinic acid, which activates eNOS phosphorylation and NO synthesis via the
Ca2+/calmodulin-dependent protein kinase kinase/AMPK pathways [25]. Therefore, it can
be concluded that KAF may activate LTCC and RyR, leading to an increase in intracellular
Ca2+ levels. This rise in Ca2+ serves as a signaling molecule that promotes Akt-dependent
eNOS phosphorylation and subsequent NO production. These results suggest that KAF
has various beneficial effects on HUVECs.
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Figure 7. The effect of U. prolifera peptide (KAF) on eNOS phosphorylation. Control, Cells were
cultured by medium for 24 h; KAF, cells were cultured by 100 μM KAF for 18 h; Compound C
(AMPK inhibitor) + KAF, cells were cultured by 100 μM KAF for 12 h and then, adding 10 μM
Compound C for another 6 h; SB203580 (P38 inhibitor) + KAF, cells were cultured by 100 μM KAF for
12 h and then, adding 10 μM SB203580 for another 6 h; LY294002 (Akt inhibitor) + KAF, cells were
cultured by 100 μM KAF for 12 h and then, adding 10 μM LY294002 for another 6 h; SP600125 (Jun
inhibitor) + KAF, cells were cultured by 100 μM KAF for 12 h and then, adding 10 μM SP600125 for
another 6 h; * p < 0.05, compared with control; # p < 0.05, compared with KAF treatment.

25 10050

Figure 8. Effect of U. prolifera peptide (KAF) on Ca2+ content in HUVECs (values that do not share a
common superscript lowercase letter within a column differ significantly, p < 0.05).
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Figure 9. Role of Ca2+ channels on Ulva prolifera peptide (KAF)-induced eNOS phosphorylation.
Control, Cells were cultured by medium for 24 h; KAF, cells were cultured by 100 μM KAF for 18 h;
LY294002 (Akt inhibitor) + KAF, cells were cultured by 100 μM KAF for 12 h and then, adding 10 μM
LY294002 for another 6 h; EGTA (calcium chelators) + KAF, cells were cultured by 100 μM KAF for
12 h and then, adding 500 nM EGTA for another 6 h; KN93 (CaMK-II inhibitor) + KAF, cells were
cultured by 100 μM KAF for 12 h and then, adding 10 μM KN93 for another 6 h; Tetracaine (LTCC
blockade) + KAF, cells were cultured by 100 μM KAF for 12 h and then, adding 60 μM Tetracaine for
another 6 h; Nifedipine (RyR inhibition) + KAF, cells were cultured by 100 μM KAF for 12 h and then,
adding 60 μM Nifedipine for another 6 h; * p < 0.05, compared with control; # p < 0.05, compared
with KAF treatment.

3. Materials and Methods

3.1. Materials and Reagents

U. prolifera was obtained from the Institute of Oceanography, Chinese Academy
of Sciences (Qingdao, China). Angiotensin I-converting enzyme (from rabbit lung), N-
hippuril-L-histidy-L-leucine (HHL), Ang II, Neutral protease was purchased from Sangon
Biotech (Shanghai, China). Sephadex G-100 were purchased from Auyoo Biotechnology
Co. (Shanghai, China). Ultrafiltration membrane was purchased form Merck Millipore
(Burlington, VT, USA). LY294002, SB203580, LY294002 SP600125, PD 98059, tetracaine,
Compound C were purchased from Merck (Darmstadt, Germany). Nitric Oxide Assay Kit
was purchased from Beyotime (Shanghai, China). MTT cell proliferation and cytotoxicity
assay kits were purchased from Sigma-Aldrich (St. Louis, MO, USA). HUVEC cell line was
purchased from Sangon Biotech (Shanghai, China). All other reagents were of analytical
reagent grade.

3.2. Preparation of U. prolifera Protein Hydrolysate

The protein from U. prolifera was extracted, and the concentration of peptides was
determined as described in our previous report [30]. The enzymatic hydrolysis condition
accorded with the reported method with some modifications [11]. The protein was then
dissolved in deionized water at a concentration of 10% (w/v). The pH and temperature
of the solution were adjusted to the appropriate levels. Neutral proteases were added
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to the solution at a pH of 7.4, temperature of 47 ◦C, and an enzyme-to-substrate ratio of
3500 U/g (1% enzyme/substrate, w/w extracted protein powder). The hydrolysis reaction
was carried out for 1 h and then terminated using a boiling water bath. The DH and ACE
inhibitory activity of the U. prolifera protein hydrolysate was measured according to the
previous report [11].

3.3. Determination of ACE Inhibitory Activity

The ACE inhibitory rate was explored according to a previous report [11]. Briefly,
80 μL of 5 mM HHL solution was mixed with 10 μL of peptide solution, followed by
incubation for 5 min at 37 ◦C. Subsequently, 10 μL of ACE solution (0.1 U/mL) was added,
followed by incubation at 37 ◦C for 60 min. The reaction was terminated by 200 μL HCl
(1 M). In the blank group, peptide solution was replaced by 0.1 M sodium borate buffer.
The reaction production was extracted with 1500 μL of ethyl acetate with slight oscillation
for 1 min. Then, the mixture was centrifuged at 4000 rpm for 15 min, 1 mL of supernatant
was transferred to another test tube, mixed with 1000 μL of acetic anhydride and 2000 μL
of 0.5% (v/v) p-dimethyl amino benzaldehyde in pyridine, and then incubated at 40 ◦C for
30 min prior to spectrophotometric measurement at 459 nm. The degree of ACE inhibition
(in percentage) was calculated according to Equation (1):

The inhibition of ACE (%) = (Ab − Aa)/(Ab − Ac) × 100% (1)

where Aa represents the mixture of HHL, peptide and ACE; Ab represents the mixture of
HHL and ACE; and Ac represents the mixture of HHL and inactive ACE. The IC50 value
was defined as the inhibitor concentration inhibiting 50% activity of ACE.

3.4. Purification and Identification of ACE-Inhibitory Peptides from Hydrolysates

The hydrolysates were first purified by Sephadex-G100 column (2.5 cm × 70 cm) with
deionized water as the elution at a flow rate of 1.0 mL/min. Fractions were collected at
2 min intervals, and each fraction was tested for ACE inhibitory activity. The fraction
with the highest ACE inhibitory activity was further fractionated using an ultrafiltration
membrane, resulting in three fractions: <3 kDa, 3–10 kDa, and >10 kDa. The purified
fractions were then analyzed using online nano-flow liquid chromatography tandem mass
spectrometry, following the methods described in our previous report [30].

3.5. Screening and Synthesis of the Potential ACE Inhibitory Peptides

The identified peptides were determined by BIOPEP (https://biochemia.uwm.edu.
pl/biopep-uwm/, accessed on 15 July 2022) to remove the reported peptides [4]. The
peptides were then evaluated for various biological parameters such as biological activity
potential, solubility, toxicity, and human intestinal absorption (HIA) using Peptide Ranker,
Innovagen, and admetSAR (ecust.edu.cn; accessed on 15 July 2022) tools, respectively.
Additionally, the affinities between the selected peptides and ACE were assessed through
molecular docking using Discovery Studio 2022 software with the ACE crystal structure
(ID: 1O8A) chosen as the receptor. Finally, the selected peptide was synthetized by China
peptides (Shanghai, China) (peptide purity 98%).

3.6. Inhibition Kinetics

The kinetics of the peptide on ACE was explored using the Lineweaver−Burke plot.
The protocol was the same as in the ACE inhibition assay. The experimental procedure
was similar to the ACE inhibition assay. ACE was preincubated with peptides of different
concentrations ranging from 0 to 100 μM, and then reacted with hippuryl-L-histidyl-L-
leucine (HHL) at various concentrations ranging from 1 to 5 mM. The Michaelis–Menten
constant (Km) and maximum initial velocity (Vmax) were calculated based on the y- and
x-axis intercepts of the primary plot, respectively.
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3.7. Molecular Dynamics (MD) Simulation

To validate the docking results, a 50 ns MD simulation was conducted for ACE in
complex with selected peptide and the control group (Captopril). The MD simulation was
performed using the GROMACS program (version 2020) and the Amber ff12SB force field,
following a previously reported protocol [31].

3.8. Cell Culture of HUVEC

The cytotoxicity assay of HUVECs was performed using the MTT Cell Proliferation
and Cytotoxicity Assay Kit [32]. NO production and eNOS activity in HUVECs treated with
peptides were measured by Total Nitric Oxide Assay Kit and Nitric Oxide Synthase Assay
Kit. HUVECs with a content of 1 × 106 cells /bottle were seeded in T25 cell cultured bottle
for 24 h. Subsequently, the cells were treated with peptides at 100 μM for 24 h. After that,
the cell culture medium containing peptides and specific protease inhibitors at appropriate
final concentrations (EGTA, 500 nM; KN93, 10 μM; Nifedipine, 60 μM; Tetracaine, 60 μM;
Compound C, 10 μM; SB203580, 10 μM; LY294002, 10 μM; SP600125, 10 μM) were used to
culture HUVECs for additional 6 h [25].

3.9. Statistical Analysis

All experiments were performed in triplicate and the results reported as the
mean ± standard deviation (SD). Data were analyzed by one-way analysis of variance
(ANOVA), and then Dunnett multiple tests were performed using GraphPad Prism Version
9 (San Diego, CA, USA). Significance level was set at p less than 0.05.

4. Conclusions

In the above-presented work, a novel anti-ACE peptide KAF (0.63 ± 0.26 μM) was
separated and identified from U. prolifera protein. This peptide effectively inhibits ACE
activity through competitive bind, primarily due to the formation of two conventional
hydrogen bonds. In HUVECs, KAF can activate the eNOS activity in the generation of
NO. KAF can increased the intracellular Ca2+ level through the LTCC and the RyR in
endoplasmic reticulum, and completed the activation of eNOS under the mediation of
Akt signaling pathway. These findings supported that KAF has the potential to be a safe
candidate against ACE and relax blood vessel. Subsequently, the antihypertension activity
of KAF on hypertension rat will be performed.
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Abstract: Antioxidant peptides are a well-known functional food exhibiting multiple
biological activities in health and disease. This study investigated the effects of three
peptides, LR-7 (LALFVPR), KA-8 (KLHDEEVA), and PG-7 (PSRILYG), from Harpadon
nehereus bone on sodium palmitate (PANa)-induced HepG2. The findings indicated that
all three peptides significantly reduced the oxidative damage and fat accumulation in
the HepG2 cells while also normalizing the abnormal blood lipid levels caused by PANa.
Furthermore, treatment with LR-7 resulted in a more than 100% increase in catalase (CAT),
glutathione peroxidase (GSH-Px), and nuclear factor erythroid 2-related factor 2 (Nrf2)
levels within the HepG2 cells (p < 0.001). Western blot analysis showed that LR-7 treatment
significantly lowered the expression of fatty acid synthase (FASN) by 59.6% (p < 0.001)
while enhancing carnitine palmitoyl transferase 1 (CPT1) by 134.7% (p < 0.001) and adipose
triglyceride lipase (ATGL) by 148.1% (p < 0.001). Additionally, these peptides effectively
inhibited the pancreatic lipase activity. Notably, LR-7 demonstrated superior effectiveness
across all of the evaluated parameters, likely due to its greater hydrophobicity. In summary,
LR-7, KA-8, and PG-7 are effective at mitigating oxidative stress as well as regulating lipid
metabolism, thus protecting HepG2 cells from PANa-induced injury and lipid buildup.
This research indicates that these collagen-derived peptides, especially LR-7, show promise
as natural agents for managing hyperlipidemia.

Keywords: sodium palmitate; HepG2; hyperlipidemia; oxidative stress; lipid metabolism

1. Introduction

Lipotoxicity is a pathological feature of chronic liver disease. It is characterized by the
accumulation of lipids, which in turn leads to cell dysfunction and injury [1]. Saturated
fatty acids (SFAs), as essential dietary components, play a crucial role in maintaining
human physiological structure and function. However, excessive circulating lipids and
subsequent cellular uptake can induce lipotoxicity, which has been implicated in the
pathogenesis of various metabolic disorders and contributes to the progression of non-
alcoholic fatty liver disease (NAFLD) [2,3]. Distinct effects on cell survival and death are
exerted by saturated versus unsaturated fatty acids; however, the mechanisms behind these
differences remain poorly understood. Numerous studies have shown that free fatty acids
can lead to liver cell damage and apoptosis [4]. High concentrations of free fatty acids result
in fat accumulation within the liver, prompting inflammatory factor release and cellular
dysfunction [5]. Palmitic acid (PA), a prevalent saturated fatty acid constituting about
20–30% of total body fats, can be ingested through diet or synthesized endogenously via
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de novo lipogenesis (DNL) [6]. PA ranks among the most abundant saturated fatty acids
found in plasma and has been implicated in toxicity affecting pancreatic beta cells as well
as hepatocytes, among other cell types [7]. HepG2 cells are frequently utilized in vitro to
study hyperlipidemia due to their capacity to accumulate intracellular lipids when exposed
to free fatty acids like oleic acid and palmitic acid [8].

Numerous studies have shown that oxidative stress is a primary mechanism responsi-
ble for inducing abnormal lipid metabolism [9]. Oxidative stress causes lipid peroxidation
and the formation of oxidized low-density lipoprotein (ox-LDL), which exacerbates hyper-
lipidemia [10]. Elevated blood lipid levels, combined with the buildup of lipid metabolism
by-products, contribute to the onset of oxidative stress [11]. A promising approach to
managing hyperlipidemia involves reducing the blood lipid and oxidative stress levels.
Recent studies have highlighted the potential role of food protein peptides in treating
hyperlipidemia [12]. Evidence suggests that peptides derived from animal proteins exert
anti-lipidemic and antioxidant activity [13]. These beneficial effects are partly attributed
to the specific amino acid compositions of the peptides [14]. For instance, peptides rich in
hydrophobic amino acids, such as leucine, isoleucine, and proline, have shown efficacy
in combating oxidative stress and hyperlipidemia [15]. Due to its high proline content,
collagen is likely to exhibit significant antioxidant and anti-hyperlipidemic activity. Marine
collagen peptides have gained significant attention as a research focus because of their
diverse bioactive functions, safety, and lack of toxicity [13,16]. Collagen peptides derived
from the skin of the great hammerhead shark (Sphyrna mokarran) have been found to mit-
igate hyperlipidemia by enhancing antioxidant enzyme activities and downregulating
the expression of fatty acid synthase and 3-hydroxy-3-methylglutaryl-CoA reductase [17].
However, there is still limited research on the hypolipidemic activities of peptides derived
from marine bone collagen and their underlying mechanisms.

Harpadon nehereus, a nutrient-rich marine species indigenous to the Indo-Pacific region,
remains underexploited despite its significant collagen content (18–22% wet weight) [18].
Harpadon nehereus serves as an economical source that is rich in protein and trace ele-
ments. Its proteins and derived peptides offer numerous health benefits including immune
enhancement, blood pressure reduction, cardiovascular protection, and inflammation mit-
igation [19]. In prior research, we successfully isolated three novel peptides LALFVPR
(LR-7), KLHDEEVA (KA-8), and PSRILYG (PG-7) from the enzymatic hydrolysates of
Harpadon nehereus bone collagen [20]. Notably, PG-7 was observed to improve angiotensin
II-induced dysfunctions within HUVECs [21], while LR-7 exhibited protective qualities
against cardiovascular injuries in hypertensive mice [22]. However, the anti-hyperlipidemic
activity of these three peptides remain unreported. This study aimed to investigate the an-
tioxidant and lipid metabolism regulatory effects of these peptides on HepG2 cells induced
by sodium palmitate (PANa) to assess their potential utility in combating hyperlipidemia.

2. Results

2.1. Cytoprotective Effects of LR-7, KA-8, and PG-7 on HepG2 Cells

The impact of peptides LR-7, KA-8, and PG-7 on the viability of HepG2 cells stimulated
by PANa was examined. To investigate whether peptides KA-8, LR-7, and PG-7 affected cell
apoptosis, HepG2 cells were treated with different concentrations of each peptide (50, 100,
200 μM) for 24 h. As shown in Figure 1a, compared with those of the untreated cells with
peptides, the cell proliferation rates were not significantly reduced with the three peptide
treatments at concentrations up to 200 μM for 24 h. These results indicated that peptides
KA-8, LR-7, and PG-7 had no effect on the apoptosis of HepG2 cells at concentrations below
200 μM. Based on systematic evaluation, a concentration of 100 μM was selected for all
three oligopeptides (KA-8, LR-7, and PG-7) in subsequent experimental procedures. As
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illustrated in Figure 1b, the cell viability decreased from 100% at 0 μM PANa to 33.3%
(p < 0.0001) at 1000 μM. Based on a comprehensive evaluation, a concentration of 350 μM,
an intermediate between 250 and 500 μM, was selected as the optimal concentration for
model establishment. Figure 1c demonstrates that treatment with LR-7, KA-8, and PG-7
notably enhanced the cell viability in HepG2 cells exposed to 350 μM PANa. To directly
evaluate the protective effects of these peptides on the PANa-treated HepG2 cells, their
morphology was observed under a microscope. In Figure 1d, it can be seen that the normal
cells (Con) adhered well to the surface and displayed a polygonal shape. Conversely, those
in the PANa group appeared loose, with a marked decrease in cell count and showed signs
of apoptosis. However, following treatment with all three peptides, clusters formed among
the cells along with a considerable increase in their numbers.

(a) (b)

(c) (d)

Figure 1. Protective effects of LR-7, KA-8, and PG-7 on HepG2 cells. (a) HepG2 cell proliferation after
three oligopeptide (50, 100, 200 μM) treatments. (b) Effects of PANa on HepG2 cell viability. (c) Effects
of three peptides (100 μM) on the cell viability of HepG2 induced by 350 μM PANa. (d) Morphology
of HepG2 (200×). Con: normal control; PANa: HepG2 was treated with 350 μM PANa for 24 h.
HepG2 was incubated with 100 μM KA-8 (KA-8 group), LR-7 (LR-7 group), and PG-7 (PG-7 group)
for 4 h, followed by 350 μM PANa treatment for 24 h. **** represents p < 0.0001 compared with the
PANa group.

2.2. Effects of LR-7, KA-8, and PG-7 on Antioxidant Capacity of HepG2 Cells

The mitigation of PANa-induced HepG2 damage by the three peptides in Figure 1
may be related to their reduction of oxidative stress. Research indicates that intracellular
antioxidant enzymes play vital roles protecting against oxidative stress damage [23]. To
evaluate the antioxidant potential of LR-7, KA-8, and PG-7, we examined their impact on
the levels of catalase (CAT), glutathione peroxidase (GSH-Px), superoxide dismutase (SOD),
and malondialdehyde (MDA) in the HepG2 cells. Figure 2 illustrates that the activities
of CAT and GSH-Px were significantly diminished by more than 20% (p < 0.001) in the
PANa group when compared with the Con group, while the MDA levels showed a notable
increase by 105% (p < 0.0001). Treatment with LR-7, KA-8, and PG-7 effectively reversed the
reduction in CAT, SOD, and GSH-Px activities induced by PANa. Remarkably, in the LR-7
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(100 μM) treatment group, the CAT and GSH-Px activities increased by over 100% than
those in the PANa group (p < 0.0001). Furthermore, the MDA concentrations within this
same group decreased to values similar to those observed in the Con group. These findings
indicate that all three peptides, especially LR-7, substantially improved the antioxidant
enzyme activity in the HepG2 cells affected by PANa exposure.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2. Effects of LR-7, KA-8, and PG-7 on the antioxidant capacity of HepG2 cells. The levels of
CAT (a), SOD (b), GSH-Px (c), MDA (d), Nrf2 (e,f), NQO1 (e,g), and HO-1 (e,h) in HepG2 cells were
measured. Con: normal control; PANa: HepG2 was treated with 350 μM PANa for 24 h. HepG2
was incubated with 100 μM KA-8 (KA-8 group), LR-7 (LR-7 group), and PG-7 (PG-7 group) for 4 h,
followed by 350 μM PANa treatment for 24 h. *, **, ***, and **** represent p < 0.05, <0.01, <0.001, and
<0.0001 compared with the PANa group, respectively.
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Nuclear factor erythroid 2-related factor 2 (Nrf2) is a critical transcription factor that
regulates the expression of antioxidant enzymes and plays an essential role in disease
prevention. To assess whether LR-7, KA-8, and PG-7 could activate the Nrf2 signaling
pathways within the HepG2 cells, we analyzed the protein expressions related specifically
to Nrf-2, HO-1, and NQO-1. Figure 2e–h revealed a significant reduction regarding the
expression levels of these proteins in the PANa group compared with the Con group.
In contrast, following treatment with LR-7, the levels of Nrf2, HO-1, and NQO1 were
significantly elevated by 111.5%, 131.7%, and 120% (p < 0.0001), respectively. These findings
suggest that LR-7, KA-8, and PG-7 enhanced the antioxidant activity of PANa-induced
HepG2 by activating the Nrf2 signaling pathway.

2.3. Effects of LR-7, KA-8, and PG-7 on Levels of Lipid in HepG2

In addition to reducing oxidative stress, lowering blood lipids is at the core of treating
hyperlipidemia. Therefore, we investigated the effects of the three peptides on the fat
accumulation and lipid levels in PANa-treated HepG2. Oil Red O (ORO) is a fat-soluble
dye specifically used for staining neutral fats like triglycerides, resulting in red-stained
lipid droplets within the stained cells [24]. As shown in Figure 3a, compared with the
Con group, there was an evident rise in fat droplet formation and accumulation within
the PANa group. Among the treatments with these three peptides, LR-7 exhibited the
most significant reduction in fat accumulation relative to the PANa group. These findings
suggest that all three peptides, especially LR-7, effectively diminished the intracellular fat
droplet buildup within the HepG2 cells induced by PANa.

Triacylglycerol (TG), total cholesterol (TCHO), low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein cholesterol (HDL-C) are standard indicators for
lipids. To analyze the negative effects of LR-7, KA-8, and PG-7 on the lipid levels in
the PANA-induced HepG2, the TG, TCHO, LDL-C, and HDL-C levels were measured,
respectively. Figure 3b–e revealed that the TG, TCHO, and LDL-C levels in the PANa
group were significantly increased by 124.1%, 48.4%, and 58.3% (p < 0.0001), respectively,
while HDL-C decreased markedly by 51.7% (p < 0.001) when compared with the Con
group. Treatment with LR-7, KA-8, and PG-7 notably reversed the PANa-induced increases
in TG, TCHO, and LDL-C, and the decrease in HDL-C. Among the three peptides, LR-7
demonstrated the most effective lipid-lowering impact.

(a)

Figure 3. Cont.
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(b) (c)

(d) (e)

Figure 3. Effects of LR-7, KA-8, and PG-7 on the fat accumulation ((a), 200×) and levels of TG (b),
TCHO (c), LDL-C (d), and HDL-C (e) in the HepG2 cells. Con: normal control; PANa: HepG2 was
treated with 350 μM PANa for 24 h. HepG2 was incubated with 100 μM KA-8 (KA-8 group), LR-7
(LR-7 group), and PG-7 (PG-7 group) for 4 h, followed by 350 μM PANa treatment for 24 h. **, ***,
and **** represent p < 0.01, <0.001, and <0.0001 compared with the PANa group, respectively.

2.4. Effects of LR-7, KA-8, and PG-7 on the Lipid Metabolism in PANa-Induced HepG2 Cells

The results presented in Figure 3 demonstrated that the three peptides inhibited
fat accumulation and alleviated dyslipidemia induced by PANa treatment, suggesting
that their mechanism of action may involve the regulation of lipid metabolism. Fatty
acid synthase (FASN), a crucial enzyme involved in fatty acid synthesis, is vital for lipid
metabolism [25]. Acetyl-CoA carboxylase (ACC), as one of the primary lipogenic enzymes,
plays a significant role in lipid accumulation [26]. To investigate how LR-7, KA-8, and PG-7
influence lipogenesis in HepG2 cells induced by PANa, we measured the levels of FASN and
phosphorylated ACC1 (p-ACC1). As depicted in Figure 4, there was a notable increase in
FASN expression within the PANa group compared with the Con group while the p-ACC1
levels were significantly reduced (p < 0.01). After treatment with LR-7, KA-8, and PG-7, the
p-ACC1 levels increased significantly while FASN expression decreased when compared
with the PANa group. Among these peptides, LR-7 demonstrated superior efficacy in
reducing the FASN levels (59.6%) while enhancing the p-ACC1 concentrations (293.7%).

Carnitine palmitoyl transferase 1 (CPT1) serves as a pivotal enzyme in the process of
fatty acid oxidation, whereas adipose triglyceride lipase (ATGL) plays a crucial role in the
hydrolysis of triglycerides into fatty acids. Consequently, both CPT1 and ATGL are vital
enzymes in lipidolysis and are indispensable for the reduction in blood lipids. The findings
presented in Figure 4b indicate that the expression levels of ATGL and CPT1 were markedly
diminished in the PANa group relative to the Con group (p < 0.05). Conversely, these
protein levels exhibited a substantial elevation across all three peptide intervention groups
when compared with the PANa group. Notably, among these peptides, LR-7 demonstrated
the most significant enhancement in ATGL (148.1%) and CPT1 (134.7%) levels (p < 0.0001).
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AMP-activated protein kinase (AMPK) exerts an inhibitory effect on acetyl-CoA carboxylase
(ACC), thereby suppressing the synthesis of fatty acids and triglycerides. Moreover, AMPK
mitigates the inhibition of CPT1 activity by decreasing the concentration of malonyl-CoA,
thus facilitating fatty acid oxidation. AMPK is recognized as a critical upstream regulator
of lipid metabolism [27].

In the present study, PANa was found to attenuate the phosphorylation of AMPKα

(p-AMPKα) in HepG2; however, the administration of the three peptides notably amelio-
rated the reduced levels of p-AMPKα induced by PANa.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4. Effects of LR-7, KA-8, and PG-7 on the lipid metabolism in PANa-induced HepG2 cells.
The expression of FANS, p-ACC1, CPT1, ATGL, and AMPKα were evaluated (a,b,g). The levels of
FASN (c), p-ACC1 (d), CPT1 (e), ATGL (f), and p-AMPKα (h) were analyzed in PANa-stimulated
HepG2. Con: normal control; PANa: HepG2 was treated with 350 μM PANa for 24 h. HepG2 was
incubated with 100 μM KA-8 (KA-8 group), LR-7 (LR-7 group), and PG-7 (PG-7 group) for 4 h,
followed by 350 μM PANa treatment for 24 h. *, **, ***, and **** represent p < 0.05, <0.01, <0.001, and
<0.0001 compared with the PANa group, respectively.
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2.5. Effects of LR-7, KA-8, and PG-7 on Pancreatic Lipase Activity

Pancreatic lipase is an enzyme produced by the pancreas, and plays a crucial role
in fat digestion. By inhibiting pancreatic lipase activity, it is possible to decrease dietary
triglyceride digestion and absorption, thereby promoting lipid reduction [28]. This study
assessed the pancreatic lipase activity inhibition rates to confirm the lipid-lowering effects
of the three peptides. As illustrated in Figure 5, LR-7 exhibited superior inhibitory effects
compared with orlistat (the positive control), while KA-8 showed comparable results
to orlistat; however, PG-7 was less effective than orlistat. These three peptides showed
an inhibition in pancreatic lipase activity, which effectively reduced the digestion and
absorption of dietary fat, thereby reducing the level of blood lipids.

  
(a) (b) (c) 

Figure 5. Inhibition of LR-7 (a), KA-8 (b), and PG-7 (c) on pancreatic lipase activity.

3. Discussion

Studies have confirmed that oxidative stress and lipid metabolism disorders are signif-
icant factors in the occurrence and development of hyperlipidemia Dietary intervention is
a crucial auxiliary strategy for the management of hyperlipidemia. Collagen peptides have
been extensively used as a nutritional intervention in the treatment of various diseases due
to their notable antioxidant, anti-inflammatory, and hypolipidemic activities [17,29]. Our
previous study showed that HNCP, an oligopeptide derived from Harpadon nehereus bone,
attenuated oxidative stress and lowered blood glucose. Another oligopeptide (HNBC), also
isolated from Harpadon nehereus, was protective against Ang II-stimulated HUVEC injury.
Notably, the activation of Nrf2 and AMPK was consistent across all models, suggesting
a unified antioxidant pathway, while newly identified lipid-specific targets (e.g., FASN,
pancreatic lipase) emphasized the multifunctionality of the peptide. These findings collec-
tively position Harpadon nehereus peptides as versatile candidates for managing metabolic
syndromes. Therefore, this study aimed to investigate whether three collagen peptides
(LR-7, KA-8, and PG-7) extracted from Harpadon nehereus bone could ameliorate oxidative
stress and lipid metabolism disorders in HepG2 cells, thereby assessing their potential for
hyperlipidemia intervention.

Exposure to PANa resulted in a notable decrease in cell viability and increased apop-
tosis rates; however, treatment with these three peptides led to a substantial recovery in
cell numbers. These results indicate that LR-7, KA-8, and PG-7 provide protective benefits
against HepG2 cell injury caused by PANa. PANa triggers the buildup of reactive oxygen
species (ROS) within cells, resulting in oxidative stress and subsequent cellular injury. An-
tioxidant enzymes are essential for alleviating oxidative stress [30]. The findings revealed
that LR-7, KA-8, and PG-7 significantly decreased the MDA levels while enhancing the
activities of SOD, CAT, and GSH-Px. These results suggest that these peptides effectively
mitigate oxidative stress in PANa-treated HepG2 cells. Numerous studies have indicated
that various peptides can lower oxidative stress by boosting antioxidant enzyme activity in
HepG2 cells; those with a higher proportion of hydrophobic amino acids were particularly
successful at enhancing this activity [31,32]. Therefore, the higher antioxidant enzyme
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activities observed in the LR-7 group may be related to the presence of hydrophobic amino
acids such as proline (Pro), leucine (Leu), and phenylalanine (Phe). The transcription
factor Nrf2 serves as a vital regulator for genes involved in antioxidant responses and
electrophilic reactions [33]. Research has shown that hesperetin can reduce hepatic steato-
sis, alleviate oxidative stress, decrease inflammatory cell infiltration, and mitigate fibrosis
through activation of the Nrf2 pathway [34]. In our investigation, we observed a decline
in the expression levels of Nrf2, HO-1, and NQO1 following PANa treatment; however,
the administration of LR-7, KA-8, and PG-7 led to significant increases in the levels of
these proteins. Our findings indicate that LR-7, KA-8, and PG-7 enhance antioxidative
capabilities by activating the Nrf2 signaling pathway.

Hyperlipidemia is defined as a metabolic disorder marked by excessive fat accu-
mulation along with elevated levels of TC, TG, and LDL-C [35]. Treatment with PANa
significantly enhanced lipid droplet formation alongside a rise in the TG, TCHO, and
LDL-C levels. Among the tested peptides, LR-7 notably decreased lipid accumulation
while lowering the TG, TCHO, and LDL-C levels in HepG2 cells treated with PANa. These
findings validated the lipid-lowering potential of all three peptides but highlighted LR-7
as having the most significant impact. Previous studies have indicated that higher pro-
portions of hydrophobic amino acids within peptides are positively associated with their
lipid-lowering capabilities [36]. Therefore, the observed reductions in TG, TCHO, and
LDL-C levels within the LR-7 group may also be linked to the presence of Pro, Leu, and Phe.

Lipid metabolism, including lipolysis, lipogenesis, and lipid transport, determines the
lipid levels in the body [37]. FASN and ACC are two significant lipid synthetases that play
a key role in lipid accumulation. PANa primarily influences hepatic lipogenesis through the
modulation of FASN and ACC1 expression [38]. Research has indicated that sesamol (SEM),
a kind of natural lignan extracted from sesame oil, can influence lipid accumulation by
decreasing the expression levels of FASN and ACC1 [39]. CPT1 and ATGL are closely linked
to lipolysis and are crucial for regulating lipid levels. Iso-alpha acids, which are derived
from Humulus lupulus, a plant cultivated on a large scale across the globe for its use as a raw
material in the brewing industry, have been shown to reduce lipid levels by enhancing CPT1
expression in mice with non-alcoholic fatty liver disease (NAFLD) [40]. Recent studies have
shown that AMPK regulates both lipolysis and lipogenesis via phosphorylation processes
in healthy hepatocytes [41]. In the present study, PANa treatment led to an increase in
FASN while simultaneously reducing the ATGL, CPT1, and p-AMPKα levels. Notably,
the abnormal expression of proteins associated with lipid metabolism by PANa treatment
was significantly reversed by LR-7, KA-8, or PG-7 treatment. Our findings indicate that
LR-7, KA-8, and PG-7 modulate lipid metabolism effectively through promoting lipolysis
and inhibiting lipogenesis associated with the AMPK pathway, thereby diminishing fat
accumulation in HepG2 cells induced by PANa.

Pancreatic lipase, a major enzyme in the breakdown of lipids, is essential for the
digestion and absorption of dietary fats [42]. This enzyme gradually converts triglycerides
into 2-monoacylglycerol and free fatty acids, which aids in the thorough digestion and
absorption of dietary fats [43]. Therefore, the inhibition of pancreatic lipase can reduce the
intestinal absorption of triglycerides, thereby preventing hyperlipidemia and obesity [44].
It has been proposed that blocking pancreatic lipase would hinder triglyceride degradation
and slow down the entry of fatty acids into systemic circulation and adipose tissue [43].
In this study, we compared the pancreatic lipase inhibitory effects of three peptides with
those of orlistat. The results indicated that LR-7 exhibited a stronger inhibitory effect
on pancreatic lipase than orlistat, while PG-7 showed less effectiveness compared with
orlistat. In summary, these three peptides, particularly LR-7, may lower lipid levels by
inhibiting pancreatic lipase activity as well as modulating protein expression related to
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lipid metabolism. In conclusion, LR-7 exhibits significant antioxidant, lipid metabolism
regulation, and lipase activity inhibition, and could be used as a nutritional intervention in
the management of hyperlipidemia.

4. Materials and Methods

4.1. Materials

(PSRILYG, PG-7), (KLHDEEVA, KA-8), and (LALFVPR, LR-7) were isolated and
identified in our previous research [20]. HepG2 cells were obtained from the Chinese
Academy of Sciences (Shanghai, China). Sodium palmitate (PANa) was sourced from
Kunchuang Technology Development Co., Ltd. (Xi’an, China). DMEM was acquired from
Gibco Co., Ltd. (Carlsbad, CA, USA). The Oil Red O staining solution along with assay
kits for the antioxidant enzymes were purchased from Beyotime Biotechnology (Shanghai,
China). Assay kits for blood lipid levels as well as all antibodies used in this study were
procured from Nanjing JianCheng Bioengineering Institute (Nanjing, China). All other
reagents utilized were of analytical grade.

4.2. Cell Cultures

HepG2 cells were cultured in DMEM supplemented with penicillin at a concentration
of 100 U/mL, streptomycin at 100 μg/mL, and fetal bovine serum at a volume ratio of 10%
under conditions of 37 ◦C and 5% CO2. A total of 2 ×104 cells per well were seeded into a
96-well plate for overnight culture. The upper layer of medium was carefully aspirated,
and 200 μL of different concentrations of oligopeptide solution (50 μM, 100 μM, 200 μM)
prepared with cell complete medium was added to each well. Twenty-four hours later, the
proliferation rate of the cells was measured according to the instructions of the CCK-8 kit,
and the appropriate concentration of oligopeptide was screened out.

After incubation, different concentrations (250, 500, 750, 1000 μmol/L) of PANa were
added and treated for 24 h. The cell proliferation rates were measured according to the
CCK-8 assay instructions.

4.3. Cell Viability Assay

A total of 2 × 104 cells/well were inoculated in 96-well plates for culture at 37 ◦C
and 5% CO2. Following this period, the cells received treatment with 200 μL medium
containing 100 μM LR-7, KA-8, or PG-7 for 4 h before adding 350 μM PANa to each well.
After incubation for an additional 24 h, the cell proliferation rates were assessed using the
CCK-8 assay protocols.

4.4. Observation of Cell Morphology

Cells grown in culture flasks underwent digestion to create a single-cell suspension
that was then diluted with fresh medium before being transferred into six-well plates at
a final concentration of 4 × 105/well (2 mL/well). Peptides at concentrations of 100 μM
were introduced prior to adding PANa for a 4 h incubation. Following another 24 h culture
period, cells were examined and photographed using an inverted microscope.

4.5. Oil Red O Staining

After incubation, the supernatants were discarded, and 2 mL of Oil Red O stationary
solution was added to each well for 20–30 min. The stationary solution was subsequently
washed away with 60% isopropyl alcohol. A freshly prepared Oil Red O staining solution
was then applied for immersion dyeing lasting 10–20 min. After removing the staining
solution with water, a Mayer hematoxylin staining solution was added for counterstaining
the nucleus for 1–2 min before being discarded. An Oil Red O buffer solution was applied
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for 1 min and then discarded. Stained cells were photographed using an Olympus BX41
microscope (Tokyo, Japan) at 100× magnification. The emission wavelength of fluorescence
detection was 600 nm.

4.6. Determination of Antioxidant Enzymes and Lipid-Related Indexes

After incubation, cells were treated with 100 μM of peptides for 4 h. After remov-
ing the media, PANa was added for 24 h of incubation. The levels of catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA),
triacylglycerol (TG), total cholesterol (TCHO), low-density lipoprotein cholesterol (LDL-C),
and high-density lipoprotein cholesterol (HDL-C) in the supernatant were determined
according to the kit instructions [45].

4.7. Western Blot Assay

After treatment, cells were washed with pre-chilled PBS and lysed with ice-cold
lysis buffer for 30 min. The supernatant was collected after centrifugation at 12,000× g
for 10 min and stored at −80 ◦C. Protein concentration was determined using a BCA
protein assay kit. Equal amounts of protein (20–40 μg) were subjected to 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF
membranes (Polyvinylidene Fluoride, Merck, Darmstadt, Germany). Non-specific binding
sites were blocked with 5% bovine serum albumin (BSA) solution at room temperature for
1 h, followed by incubation with the primary antibody at 4 ◦C overnight. After washing
with TBST (3 times, 10 min/time), the membrane was incubated with the secondary
antibody at room temperature for 1 h. Following further washing with TBST (3 times,
10 min/time), antibody signals were detected using a Western blot development system.
The dilution ratios for the internal reference protein, vascular endothelial injury-related
proteins, and oxidative stress-related pathway proteins were prepared according to the
manufacturer’s instructions.

4.8. Determination of Pancreatic Lipase Activity

A working substrate solution consisting of 4-nitrophenyl palmitate dissolved in
sodium acetate solution (containing 1% Triton-X 100, 100 mL, 5 mM, pH 5.0) was pre-
pared. Enzyme powder was dissolved in Tris-HCl buffer (pH 8.0, 37 ◦C). This mixture
was incubated at 4 ◦C for 2 h before centrifugation at 5000 r/min for 5 min, yielding the
supernatant used to prepare a pancreatic lipase solution of 1.2 mg/mL. Orlistat at a concen-
tration of 1 mg/mL in Tris-HCl buffer (pH 8.0; 37 ◦C) was prepared alongside DMSO to
reach a concentration of 350 μg/mL peptide solution. The peptide solution of 100 μM was
prepared with Tris-HCl buffer (pH = 8.0, 37 ◦C). The absorbance was measured at 405 nm,
and the inhibition rate was measured in parallel with three holes due to the methodology
of Franco et al. [46].

4.9. Data Analysis

All experiments were performed three times, and the results were expressed as the
mean ± SD. GraphPad Prism 8.0 software was used for one-way ANOVA and comparison
between groups.

5. Conclusions

This research investigated the effects of three peptides (LR-7, KA-8, and PG-7) derived
from bone collagen on PANa-induced hyperlipidemia in HepG2 cells. Our study indicated
that all three peptides, particularly LR-7, mitigated the cell damage caused by PANa by
enhancing the antioxidant enzyme levels through Nrf2 upregulation. LR-7 demonstrated
superior effectiveness in reducing oxidative stress and lipid accumulation compared with
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KA-8 and PG-7 by modulating the expression of proteins associated with lipid metabolism
(FASN, ACC1, ATGL, and CPT1). LR-7 exhibited a stronger inhibitory effect on pancreatic
lipase activity than orlistat. Collectively, these results may offer new insights into the
potential use of marine peptides from bone collagen as functional foods or therapeutic
agents for managing hyperlipidemia. Future studies will aim to further investigate the
effects and mechanisms of these three peptides in mice with hyperlipidemia.
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