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Abstract

Antioxidant collagen hydrolysates refers to the peptides mixture with antioxidant properties identified from hydro-
lyzed collagen. Due to its specific structural, biological and physicochemical properties, collagen hydrolysates have
been explored as a multifunctional antioxidant in the biomedical field. In this review, we summarize recent advances
in antioxidant collagen hydrolysates development. Initially, the preparation process of antioxidant collagen hydro-
lysates is introduced, including the production and separation methods. Then the effects and the mechanisms

of amino acid composition and collagen peptide structure on the antioxidant activity of collagen hydrolysates are
reviewed. Finally, the applications of antioxidant collagen hydrolysates in biomedical domains are summarized,

with critical discussions about the advantages, current limitations and challenges to be resolved in the future.
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1 Introduction

Oxidative stress is caused by excessive production and
accumulation of reactive oxygen species (ROS) in cells
and tissues. ROS are usually produced in the cells of liv-
ing organisms as a result of normal cellular metabolism
and are fundamental to maintaining cellular homeosta-
sis. Common ROS include superoxide radicals (O, ) and
hydrogen peroxide (H,0O,) [1]. While a basal concentra-
tion of ROS is indispensable for the manifestation of cel-
lular functions, excessive levels of ROS cause damage to
cellular macromolecules such as DNA, lipids, and pro-
teins, eventually leading to necrosis and apoptotic cell
death, which has harmful effects on tissues [2]. It explains
why oxidative stress is detrimental to human health.
When oxidative stress occurs, the balance of the redox

system is damaged, resulting in the accumulation of a
large number of intracellular oxidation products, which
may be associated with accelerated aging, neurodegener-
ation, inflammation, tumor, diabetes, and other diseases
[3-7].

Antioxidants, a class of compounds able to counteract
oxidative stress and mitigate its effects on individuals’
health, have gained enormous attention from the bio-
medical research community. A variety of endogenous
antioxidants, including superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GSH-Px), and
the glutathione (GSH) system, are substances that coun-
terbalance oxidants in the human body to resist oxidative
damage [8, 9]. Once the endogenous antioxidant effi-
ciency is insufficient to maintain the reduction—oxidation
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homeostasis, the exogenous antioxidants play an impor-
tant role in inhibiting oxidative stress. Exogenous anti-
oxidants are divided into synthetic antioxidants and
natural antioxidants. Natural antioxidants from animals
and plants, compared with synthetic antioxidants, are
generally considered to be more biocompatible and reli-
able in biomedical domains. Thus, practical and efficient
natural antioxidants have gradually replaced the trend
of synthetic antioxidants. In fact, after careful preclini-
cal and clinical studies, some natural antioxidants, such
as carotenoids, vitamins, natural flavonoids, and protein
peptides, have now been proven to be potential thera-
peutic agents to prevent various human diseases, such
as aging, and cardiovascular diseases [10]. Therefore, the
discovery and development of new natural antioxidants
will help against the harmful effects of oxidative stress
under different pathological conditions.

Collagen is a well-known natural protein in animals
with various essential biological, biochemical and bio-
medical functions [11]. Currently, researchers have
identified 29 distinct types of collagens originating from
biological tissues with significant differences in peptide
sequences, structures, and functional properties [12].
Among these types, collagen types I, II and III are the
most prevalent. The spatial structure of collagen consists
of three o chains of peptides intertwining each other to
form a right-handed superhelix [13]. The length of the
helix and the composition of the non-helical region usu-
ally vary across different types of collagens [14]. Each
polypeptide chain in procollagen has one N-terminal
and one C-terminal propeptides, which shows the great-
est sequence differences between species [15]. A central
domain that forms the fibers in mature collagen has a
characteristic amino acid sequence containing Gly-Xaa-
Yaa repeats, where Xaa and Yaa could be any kind of
amino acids [16]. Collagen peptides are inactive when
folded in the native protein but exhibit various physiolog-
ical functions once released [17]. Collagen hydrolysates
could develop as a potential nutraceutical or valuable
treatment agent obtained from collagen. Significantly,
antioxidant collagen hydrolysates, as the important col-
lagen derivatives, refers to the multiple peptides with
antioxidation properties identified from collagen hydro-
lysates. Antioxidant collagen hydrolysates can be released
from its precursors during food processing, gastric diges-
tion and enzymatic hydrolysis through exogenous and
endogenous proteases [18]. The past decade has wit-
nessed a growing number of biomedical studies on colla-
gen hydrolysates to alleviate diseases related to oxidative
stress, such as hypertension, gastrointestinal disease
and photoaging, by scavenging the ROS and boosting
the inherent antioxidative system in the cells [19, 20].
Furthermore, antioxidant collagen hydrolysates can be
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extracted from the connective tissues of animals, such as
skin, bone and fish scales, which are widely available and
biologically safe. These advantages make it a promising
candidate for biomedical antioxidation applications.

The increasing number of studies about antioxidant
collagen hydrolysates has been published over the past
decade. The reviews of collagen hydrolysates are mainly
focused on the their rich biological activities for func-
tional foods [21-23]. Herein, we aim to provide insights
into the collagen hydrolysates as the multifunctional
antioxidants to counteract oxidative stress in biomedi-
cal domains, with an emphasis on the physical-chemical
properties and the applications of antioxidant collagen
hydrolysates that are correlated with their properties in
biomedical domains. Furthermore, the challenges and
potential for increasing the pharmaceutical industrial use
of antioxidant collagen hydrolysates are discussed.

2 Preparation of antioxidant collagen hydrolysates
Antioxidant collagen hydrolysates can be obtained from
various animal species, varying according to their intrin-
sic characteristics, the extraction process, and specific
hydrolysis conditions. The extraction of antioxidant
collagen hydrolysates is divided into three main steps
(Fig. 1). The first step is the pre-treatment of the raw
material for purification: removal of lipids, miscellane-
ous proteins, and pigments. The second step, enzymatic
hydrolysis of collagen, and it is crucial in the overall pro-
cess of obtaining antioxidant collagen hydrolysates. The
third step is to separate the fractions with higher anti-
oxidant capacity from the obtained antioxidant collagen
hydrolysates. In the following sections, we first discuss
the collagen sources and summarize preparation meth-
ods of antioxidant collagen hydrolysates used in the bio-
medical domains.

2.1 Species as collagen sources

Collagen can be extracted from different connective tis-
sues, such as skin, bone, and tendon. Different animal
sources of collagen with multiple amino acid composi-
tions determine the differences in intrinsic chemical or
physical properties of collagen, which in turn affect the
antioxidant activity of collagen hydrolysates [24, 25].
Examples of antioxidant collagen hydrolysates obtained
from various animal sources in past five years and their
potential use in biomedical domains are summarized in
Table 1.

Skin and bone from porcine and bovine sources are
widely used for obtaining collagen for industrial pur-
poses. One of the major disadvantages of bovine collagen
is that some people, especially children, are allergic to it,
which limits its usage [35]. Just like the bovine source, the
setback of zoonosis poses a risk of contamination, and



Deng et al. Collagen and Leather (2023) 5:26

processes

Porcine GP AGAAGAPGPQGAVGPAGK
Bovine GP VGAAGAPGPQGPVGPVGK
Chicken GP PGP AGITGPPGPPGPAGK
Marine GP AGAAGAPGPQGSVGPS GK

Preliminary  Broking the cross-linked
structure of collagen

%A = =
N

8'( 8'( Enzyme

Page 4 of 21

&KX

o

- ®

3= —

T

Antioxidant collagen peptide Higher antioxidant activities

Species as collagen source Enzymatic hydrolysis Purification
5 - Membrane
Aquatic animal E
1 B Chromatography

Terrestrial animal

The combination of enzymes

Membrane and Chromatography

Fig. 1 Schematic representation of antioxidant collagen hydrolysates preparation process. The enzymatic hydrolysis of collagen is critical

for the successful generation of antioxidant collagen hydrolysates

due to religious constraints, pigs are forbidden in certain
counties and regions. Deer sinew, chicken bone, chicken
skin, and chicken liver have also been discovered as raw
materials for preparing antioxidant collagen hydrolysates
used in medicine in recent years [30, 31, 36, 37].

Marine collagen hydrolysate has recently been reported
as a novel natural antioxidant in biomedical applica-
tions as an alternative to conventional mammalian (such
as bovine and porcine sources) collagen hydrolysates
[38]. Aquatic collagen sources have many advantages
over land animals, such as weak immunogenicity, bio-
compatibility, no religious and moral conflicts, and low
chances of causing transmissible diseases. In the field
of biomedicine, antioxidant collagen hydrolysates are
mostly derived from aquatic fish, such as tilapia fish,
crimson snapper, carp fish, siberian sturgeon, cypselurus
melanurus, giant croaker, and cod [39-45]. During fish
processing, the removal of collagen-containing materi-
als (mainly skin, bones, and scales) could account for as
much as 75% of the total catch weight generated after fil-
leting [46]. Considering the biological activity, compared
with fish bones, researchers have been more inclined to
study the application of antioxidant collagen hydrolysates
extracted from fish skin and scales in biomedical appli-
cations in recent years [47]. Another category of marine
collagen falls under invertebrate animals. Antioxidant

collagen hydrolysates isolated from invertebrate animals
including squid [48], rhopilema hispidum, sea cucumber
and cuttlefish, have been found with a variety of biomedi-
cal activities [34, 49, 50]. They can also serve as marine
source of antioxidant collagen hydrolysates for medicinal
use.

2.2 Pre-processing raw material to improve the quality
of collagen hydrolysates

The main purpose of the pre-treatment of raw materials
before extracting antioxidant collagen hydrolysates is to
improve the quality of collagen hydrolysates obtained
by removing impurities (such as lipids, pigments, and
non-collagenous proteins) and breaking the cross-
linked structure of collagen. The chemical hydrolysis
of different raw materials is preceded by alkaline or
acidic treatment, or both, each of which reports spe-
cific advantages. The alkaline pre-treatment removes
unwanted products, such as non-collagenous proteins
and pigments, and reduces the endogenous effects of
proteases [51, 52]. After pre-treatment with alkali solu-
tions, the cross-linked structure of collagen in the raw
material was broken, resulting in a significant decrease
in the molecular weight of collagen. This facilitates
subsequent collagen dissolution in water to prepare
antioxidant collagen hydrolysates. In this regard, two
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Table 1 The molecular weight of antioxidant collagen hydrolysates isolated from different animal sources for mitigating oxidative

stress
Animal Source Molecular Weight (Da) Antioxidant activity Application
Bullfrog 686-6511 DPPH radical scavenging® Anti-hypertension [26]
(skin)
Takifugu Bimaculatus (skin) <1000 Increasing superoxide dismutase activity [27]
Increasing catalase activity
Bigeye tuna (skin) <3000 DPPH radical scavenging Anti-photoaging [28]
Hydroxyl radical scavenging®
Superoxide anion radical scavenging
Bigeye tuna (bone) <3000 DPPH radical scavenging [28]
Hydroxyl radical scavenging
Superoxide anion radical scavenging?
Skipjack tuna (skins) <3500 DPPH radical scavenging [29]
Chicken (bone) <3000 Increasing superoxide dismutase activity [30]
Increasing catalase activity
Increasing GSH-Px activity
Decreasing MDA content
Deer (sinew) 5000-13000 ABTS radical scavenging® [31]
Redlip Croaker (scales) <1000 DPPH radical scavenging Prevent Liver Injury [32]
Hydroxyl radical scavenging
Monkfish (swim bladder) 41746 DPPH radical scavenging [33]
42745 ABTS radical scavenging
Hydroxyl radical scavenging
Superoxide anion radical scavenging
Cuttlefish (skin) <3000 DPPH radical scavenging [34]

ABTS radical scavenging

2 DPPH, ABTS, Hydroxyl and Superoxide anion radical scavenging: The common free radical scavenging capacity in vitro experiments to evaluate the antioxidant

activity of collagen hydrolysates
b Malondialdehyde (MDA): One of the end products of lipid peroxidation

alkali solvents are reported extensively, i.e., NaOH and
Ca(OH),. NaOH is preferred over Ca(OH), because it
causes comparatively more swelling to assist the sub-
sequent chemical extraction process by promoting
the mass transfer rate in a tissue matrix. Most of the
researchers would choose NaOH as the raw materials
pre-treatment reagent for preparing antioxidant col-
lagen hydrolysates. For example, Cao et al. [30] pre-
treated the chicken bone in 0.05 M NaOH to swell the
bone, and remove non-collagen proteins, fat, and min-
erals. Nalinanon et al. [53] used NaOH initial pre-treat-
ment and then butyl alcohol for removing fatty acids
from raw materials of collagen during the pre-treat-
ment stages. Regarding acid pre-treatment, Hong et al.
[54] reported that formic acid can improve the hydroly-
sis of highly cross-linked collagen from waste hens and
produce small collagen peptides from other aged verte-
brate collagens. Organic acids (lactic, citric acid or a 1:1
mixture of both) could also be used as a pre-treatment
reagent to remove residues (scales, bones, meat or fat)
[55].

2.3 The design of the hydrolysis reaction to obtain
antioxidant collagen hydrolysates

Hydrolysis of collagen is a crucial step in the whole pro-
cess of obtaining antioxidant collagen hydrolysates. To
date, designing suitable enzymatic hydrolysis reactions is
the most effective way to hydrolyze the collagen to obtain
the antioxidant as the catalytic proteolysis reactions is
characterized by high specificity, selectivity, and effi-
ciency. Alcalase, papain, and neutrase protease are often
used as the efficient catalyst for enzymatic hydrolysis of
collagen to obtain antioxidant collagen hydrolysates in
biomedical research [30, 42]. Considering the variety of
raw materials and the actual lab environment, research-
ers need to optimize the experimental conditions for
enzymatic hydrolysis. For example, the optimal extrac-
tion conditions for a high antioxidant collagen hydro-
lysate from cuttlefish skin using alcalase were based on
the single-factor analysis. A common process condition
optimization method, Box-Behnken design, was used to
optimize the operating variables such as temperature,
pH, and enzyme quantity [34]. Moreover, a combination
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of enzymes leverages the advantages of multiple
enzymes, resulting in higher antioxidant activities of col-
lagen hydrolysates. For example, Vijayan et al. obtained
a collagen hydrolysate with high antioxidant activity by
hydrolyzing acid-soluble collagen extracted from great
hammerhead shark with the mixture of pepsin, papain,
and protease at the optimum hydrolytic condition [51].

Bacterial collagenase have received much attentions
due to its unique subunits, ability to bind collagen and
open entangled polypeptide chains compared to ordi-
nary proteases, and have variety of enzyme cleavage sites
than other collagenase-type matrix metalloproteinases
(MMPs) [56]. Kim et al. [57] studied and acquired the
antioxidant collagen hydrolysate using non-pathogenic
Bacillus collagenase-type protease to ameliorate age-
associated sarcopenia. Bacillus cereus is a recognized
safe microorganism with the ability to secrete collagenase
with high activity, but the main problem is that the wild-
type collagenase lacks stability and coexists in multiple
isoenzyme forms, which may adversely affect the produc-
tion process. Therefore, Fang’s team [56, 58] constructed
a heterologous expression system based on genetic engi-
neering for Bacillus cereus to obtain stable collagenase
for preparing the collagen hydrolysate with high antioxi-
dant activity.

In addition to exploring new enzymes, microwave-
assisted hydrolysis of collagen is another processing
method for improving the production of antioxidant col-
lagen hydrolysates. The conventional hydrolysis process
is lengthy and usually insufficient. Microwave radiation
penetrates into the protein molecule’s interior, exposes
the hidden enzymatic sites, and enables a more com-
plete hydrolysis. Thus, microwave-assisted enzymatic
hydrolysis of protein can significantly shorten the total
hydrolysis time and increase the yield of the peptides by
strengthening the movement and collision of molecules
[59]. Moreover, microwave radiation can significantly
increase the content and antioxidant activity of collagen
hydrolysates with low molecular weights [60]. However,
at high microwave power, excessive molecular collision
will cause denaturation of protease and reduce the anti-
oxidant activities of collagen hydrolysates [61, 62].

2.4 Separation of collagen hydrolysates with high
antioxidant

After hydrolysis, the antioxidant collagen hydrolysates
is a peptides mixture, including partially unhydrolyzed
protein, polypeptides with different chain lengths,
hydrophobicity and net charge, and free amino acids.
Developing appropriate purification methods would
help to evaluate the structure and activities of anti-
oxidant collagen peptides more accurately. At pre-
sent, the separation technology of antioxidant collagen

Page 6 of 21

hydrolysates in biomedical domains mainly include
chromatography, membrane separation, and combina-
tions of these technologies.

2.4.1 Ultrafiltration

The first step in the purification process of antioxi-
dant collagen hydrolysates is usually ultrafiltration
membrane separation, due to its advantage of simple
operation, low energy consumption and environmen-
tal friendliness [63]. Furthermore, ultrafiltration is an
effective purification method to obtain low molecu-
lar weight peptides from crude hydrolysates. Report-
edly, these low molecular weight peptides (2—20 amino
acids) are more biologically active than their larger
polypeptide/proteins counterparts. For example, Nori-
zah et al. [64] separated three antioxidant peptide com-
ponents from chicken skin gelatin hydrolysate by using
different ultrafiltration membranes (Mw =10, 5, 2 kDa,
respectively). The low molecular weight (Mw <2 kDa)
peptides showed better antioxidant properties than
the original gelatin hydrolysate stock solution. Hong
et al. [65] obtained the antioxidant collagen hydrolysate
(Mw <3 kDa) with collagenase inhibition effects com-
parable to vitamin C through ultrafiltration, which may
play an important role in anti-aging activities. They
proved that the degree of hydrolysis (DH) may signifi-
cantly affect the molecular weight and the exposure
of the terminal amino groups of the resulting product
[65].

Nevertheless, many studies have shown that molecu-
lar weight was not directly correlated with antioxidant
activity. Table 1 summarizes the molecular weights of
some antioxidant collagen hydrolysates used in bio-
medical applications. For example, some antioxidant
collagen peptides with approximate molecular weight,
GRW(417.46 Da) and GPGPT(427.45 Da), showed differ-
ent antioxidant capacities [33]. It has been also noted that
some high molecular weight antioxidant collagen hydro-
lysates also demonstrated the potential to prevent or treat
diseases associated with oxidative stress [31]. Although
the molecular weight of antioxidant collagen hydrolysate
from bigeye tuna bone (DH=21.96+0.16%) is greater
than that from bigeye tuna skin (DH=34.28 + 0.44%), the
bone collagen hydrolysate showed better anti-photoaging
effects [28]. This can be explained by the differences in
the amino acid sequence of the peptides rather than of
DH [66, 67]. Although ultrafiltration is useful in separat-
ing antioxidant collagen hydrolysates with low molecu-
lar weight, it may cause a reduction in yield. Nowadays,
more and more studies combine ultrafiltration with chro-
matography to separate collagen hydrolysates and obtain
components with higher antioxidant activity [42].
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2.4.2 Chromatography separation technology
Chromatography has played a key role in the purifica-
tion of antioxidant collagen hydrolysates for decades.
The principle of chromatography technology is based on
the differences in the physical and chemical properties of
the mixed peptide components, so that they are distrib-
uted differently in the fixed phase and the mobile phase,
so as to achieve the purpose of separation. The common
chromatographic separation technologies for separat-
ing and purifying the biomedical antioxidant collagen
hydrolysates mainly include gel filtration chromatogra-
phy (GEC), ion-exchange chromatography (IEC), and
reverse-phase high-performance liquid chromatography
(RP-HPLC), etc. [32, 42, 68] The separation principles,
advantages and disadvantages of these common chroma-
tographic separation techniques are shown in Table 2.

Gel filtration chromatography (GFC) is also known
as molecular sieve or particle size exclusion chroma-
tography. As mentioned in Table 2, the separation prin-
ciple of GFC is based on the molecular size of peptides
or proteins. The separation efficiency of this technology
is mainly affected by many factors, such as packing type
and the column volume. The method has the advan-
tages of simple operation, no pollution, low cost, and has
been widely used in the purification of antioxidant col-
lagen hydrolysates. Generally, GFC is used to obtain low
molecular weight peptides. Low molecular weight pep-
tides have been found to exhibit potent antioxidant activ-
ity compared to larger peptides and proteins [23]. This is
primarily due to their ability to easily enter into the oxi-
dant/antioxidant system, allowing them to interact with
reactive oxygen species (ROS) and terminate free radical
chain reactions. It has been proved that the antioxidant
activity of collagen hydrolysate obtained by gel filtration
increase by two folds compared with the unseparated
collagen hydrolysates, and the antioxidant activity of
small molecular weight collagen hydrolysate obtained by
gel filtration is better than that of the unseparated colla-
gen hydrolysates in most cases [72].
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The application of ion-exchange chromatography (IEC)
in the separation, structure determination, and detec-
tion of proteins and peptides has been increased. IEC
can separate and purify biologically active collagen pep-
tides according to their net charges. By adjusting pH, the
net charge of collagen peptides is tunable, thereby mak-
ing them easily separated by IEC. For example, Banerjee
et al. [73] separated and purified a collagen hydrolysate
with high antioxidant properties from bovine Achil-
les tendon by IEC, which has the potential to act as an
antioxidant in case of a free radical overload for human
health. Furthermore, the combination of IEC and GFC
has been used for the separation of collagen hydrolysates
to improve antioxidant activity against fatigue caused by
oxidative stress [74]. This is due to certain low molecular
weight peptides containing charged residues such as Glu,
Lys, and Arg have been shown to possess antioxidant and
metal-chelating activity [75]. This metal-chelating ability
is particularly important in preventing metal ion-induced
oxidative stress. The composition of amino acids in pep-
tides also play a significant role in their antioxidant activ-
ity. Peptides containing acidic and basic amino acids have
been reported to exhibit excellent antioxidant properties
[76]. These amino acids can contribute to the chelation
of metal ions, scavenge free radicals, and inhibit oxida-
tive damage. However, this technique has disadvantages,
including cost-effectiveness, method complexity, and
sensitivity toward pH and metal ions [77].

Reverse-phase high-performance liquid chromatogra-
phy (RP-HPLC) is increasingly used in the field of bio-
medicine to purify antioxidant collagen hydrolysates.
This technique separates peptide mixtures based on
their differing hydrophobicities, with less hydrophobic
components eluted first, followed by more hydrophobic
fractions. In addition, peptides containing hydrophobic
amino acids may enhance their solubility at the water—
lipid interface, allowing for better interaction with free
radicals located within cellular membranes [78]. This
improved interaction helps in neutralizing oxidative

Table 2 Characteristics of the separation method to obtain antioxidant collagen hydrolysates

Separation method Advantage

Disadvantage

Characteristics of antioxidant peptides

GFC Gentle operating conditions
Wide temperature range
Maintains physicochemical properties volume

IEC High adsorption capacity
Gentle elution conditions
High recovery rate
High specificity

High cost

RP-HPLC High separation efficiency
Reproducibility

High analytical accuracy peptides

Uncharged and weak adsorption
Affected by packing type and column

Complicated process
Sensitive to pH and metal ions

Affected by pH and temperature
Suitable for low molecular weight

Low molecular weight peptide [69]

Peptides with acidic and basic amino acid
residues [70]

Peptides with hydrophobic amino acids [71]
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species and protecting cellular components from damage.
For example, Ding et al. [79] identified a major antioxi-
dant collagen hydrolysate fraction with high antioxidant
activity using RP-HPLC’s elution profile. RP-HPLC has
many advantages, including good stability, high sepa-
ration efficiency, and wide applicability. Furthermore,
RP-HPLC can separate the antioxidant collagen hydro-
lysates initially obtained by GFC or IEC to acquire pep-
tide fractions with higher antioxidant activity [79, 80]. In
addition, it is worth noting that the separation effect of
RP-HPLC is affected by many factors, such as pH value,
flow rate, and temperature. Therefore, it is necessary to
repeat this step several times to ensure accurate sequence
identification of different components of antioxidant col-
lagen hydrolysates [81].

Low molecular weight peptides with specific amino
acid sequences, containing charged and/or hydrophobic
residues, have demonstrated potent antioxidant activ-
ity and are being explored for various applications in
the field of oxidative stress and cellular protection [82].
Overall, the antioxidant activity of peptides is closely
linked to their amino acid composition and structures.
Combining the principles of these common separation
techniques with the peptide characteristics could facili-
tate the preparation of antioxidant collagen peptides with
higher activity.

3 Influence of composition and structure
of collagen hydrolysates on antioxidation
properties
The antioxidant activity of collagen hydrolysates con-
taining peptides of different chain lengths or molecular
weights is affected by the structure and amino acid com-
position of these peptides [83]. In the following sections,
we discuss the structure—function relationship in anti-
oxidant collagen hydrolysates at different levels: amino
acid residues, primary peptide sequences, secondary and
higher-level structures.

3.1 Effects of amino acid composition on the antioxidant
activities of collagen hydrolysates

Collagen is a fibrous protein composed of amino acids.
The most abundant amino acids found in collagen are
glycine, proline, and hydroxyproline, which together
account for approximately 50% of the total amino acid
content in collagen [84]. Other amino acids in collagen
include alanine, lysine and arginine, et al. It is important
to note that the exact amino acid composition of colla-
gen can vary depending on the specific collagen type
determined by the animal source and animal tissue. Even
through the basic composition, with glycine, proline and
hydroxyproline being the major constituents, remains
relatively consistent, different types of collagens may have
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different proportions of amino acids [85]. The amino acid
composition of collagen significantly influences the bio-
activity of peptides in antioxidant collagen hydrolysates
[86]. Generally, amino acids residues mitigate oxidation
by capturing free radicals as hydrogen donors, chelating
oxidative metal ions, and inhibiting lipid peroxidation
reactions, etc. The phenolic hydroxyl group of Tyr and
the imidazole group of His can directly act as hydrogen
donors to trap free radicals, thus achieving the effect of
scavenging free radicals. Acidic (Asp and Glu) and basic
(Lys) amino acid residues can form complexes with metal
ions through their charged side chain groups, thereby
chelating the metal ions. Hydrophobic amino acid resi-
dues (Leu, Val, Ala, Pro) increase antioxidant activities
of peptides because their aliphatic hydrocarbon side
chains may help to promote the interactions between the
peptide and free radicals produced during the lipid per-
oxidation due to the improved solubility of peptides in
the lipid phase. Furthermore, the sulthydryl-containing
amino acids (Cys) in collagen peptide can scavenge free
radicals by providing hydrogen atoms that are very active
in the thiol group. In addition, Met residues within col-
lagen peptide chains were demonstrated to provide an
active site for the scavenging of free radicals due to the S
atom on the Met being oxidized to Met sulfoxide by sup-
plying electrons [79].

Structural modifications may increase the collagen
peptides’ stability and enhance the bioactivity. For exam-
ple, collagen hydrolysate chelates tend to possess more
stable characteristics and higher antioxidant properties
due to their unique structure formed by binding minerals
with collagen peptides. However, most reported peptide-
mineral chelates generally have a relatively low mineral-
binding capacity. The amino acid residues with hydroxyl
groups, such as threonine, serine, tyrosine, and other
amino acid residues, can be phosphorylated, and phos-
phorylation can enhance the binding ability of collagen
peptides to minerals [87]. Luo et al. [88] prepared colla-
gen peptides from fish bones, phosphorylated collagen
peptides and chelated them with calcium ions. The phos-
phorylation significantly improved the chelation degree
of collagen peptides with calcium ions and enhanced
the free radical scavenging capability. Although calcium-
chelated collagen peptides were associated with higher
absorption and bioavailability, and the exact mechanism
of enhanced antioxidant activity needs to be further
studied.

Nowadays, the amino acid composition of different
animal sources as well as different types of collagens are
available in some protein databases (For example, The
Universal Protein Resource). Thus, analyzing the amino
acid composition of collagen is helpful to select supe-
rior raw materials for preparing antioxidant collagen
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hydrolysates. The controllable preparation of collagen
hydrolysates could be achieved by utilizing enzyme-spe-
cific cleavage sites and the characteristics of separation
techniques (Table 2), resulting in an increased prob-
ability for the exposure of effective amino acid residues,
thereby improving the antioxidant properties of collagen
hydrolysates.

3.2 Relationship between peptide structures
and antioxidant activities in collagen hydrolysates

3.2.1 Peptide sequence

Generally, amino acid sequence analysis of peptides
should not only identify the amino acid composition,
including the type and number of amino acids, but also
determine the arrangement of amino acids. Apart from
the amino acid composition, the amino acid sequence is
an important factor that contributes to the antioxidant
activity of peptides. In other words, peptides with simi-
lar amino acid composition but different sequences do
not necessarily exhibit similar activity. For example, the
relative antioxidant activities of three tripeptides (GHH,
HGH and HHG) are 1.089, 0.8318, and 0.3170, respec-
tively [89]. Notably, the physicochemical characteris-
tics of the residuals at the C- and N-termini affect the
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antioxidant activity of peptides. Previous studies have
shown that the presence of C-terminal aromatic amino
acids and N-terminal hydrophobic amino acids can sig-
nificantly enhance the antioxidant activity of collagen
peptides [90]. It is also found that Glu and Lys at the
N-terminal of collagen peptide have potential antioxidant
effects [74]. In addition, C-terminal Gly-Leu has been
reported to play an important role in inhibiting intercel-
lular MMP-1 activity and ROS production [91]. Moreo-
ver, collagen peptides with Tyr, Phe, Lys and Arg residues
present at the C-terminus are preferred, considering their
antioxidant contribution [92, 93].

Some key amino acid sequences of antioxidant colla-
gen hydrolysates from different animal sources have been
revealed (Table 3). The sequences can be used to explore
new animal sources of antioxidant collagen hydrolysates.
Shared peptide describes common amino acid sequences
shared by several animals. In contrast, marker peptide
is the amino acid sequence that are unique to a certain
animal relative to other animals. For example, as shown
in Table 3, Shi et al. [94] found that PAGPRGPA in the
antioxidant collagen hydrolysate from three-spot sea-
horse can effectively attenuates ethanol-induced oxida-
tive stress in Human hepatic LO2 cells. According to the

Table 3 The main shared or marker peptides from antioxidant collagen hydrolysate and their biomedical applications

Peptide sequence Animal source Shared peptide/  Other animal species In vitro/In vivo Application
Marker peptide found in BLAST result
FTGML Grass carp scale Marker peptide - B16F10 melanoma cell Skin diseases [95]
PAGPRGPA Three-spot seahorse Shared peptide Bos taurus LO2 cell Liver diseases [94]
Oncorhynchus mykiss
Equus sp.
Xenopus tropicalis
YGDEY Tilapia fish Shared peptide Mus musculus HepG2 cell [39]
Bos taurus
GPEGPMGLE Redlip croaker Shared peptide Bos taurus [32]
Caenorhabditis elegans
EGPFGPEG Shared peptide Bos taurus
Xenopus laevis
FAGPPGGDGQPGAK Salmo salar Shared peptide Caenorhabditis elegans (ApoE-/-) mouse model Atherosclerosis [52]
Bos taurus
Oncorhynchus mykiss
Equus sp.
Xenopus tropicalis
Gallus gallus
IAGPAGPRGPSGPA Shared peptide Caenorhabditis elegans

Bos taurus

Oncorhynchus mykiss

Equus sp.

Xenopus tropicalis

Gallus gallus




Deng et al. Collagen and Leather (2023) 5:26

searching result of animal species containing this pep-
tide in the Basic Local Alignment Search Tool (BLAST)
(http://blast.ncbi.nlm.nih.gov/), PAGPRGPA is the
shared sequence in several animal species, such as Bos
taurus, Oncorhynchus mykiss, Equus sp.and Xenopus
tropicalis. Collagen hydrolysates containing this shared
peptide extracted from these animal sources may also
have the potential to alleviate ethanol-induced oxidative
stress in Human hepatic LO2 cells. Conversely, FTGML
is a bioactive oligopeptide with tyrosinase inhibitory
activity derived from gelatin hydrolysate of grass carp
scales, which can reduce melanin production in mouse
B16F10 melanoma cells to prevent or relief melanoma.
Through BLAST search, it was found that no common
animal source shared this peptide with grass carp, indi-
cating that this peptide is the marker peptide of grass
carp. Therefore, sequence analysis using peptide database
can help to reveal the relationship between animal origin
and antioxidant collagen hydrolysates activity, and pre-
dict the antioxidant activity of collagen hydrolysate based
on existing data (antioxidant peptides reported). In addi-
tion, these previously reported antioxidant collagen pep-
tide sequences can be used for the artificial design and
preparation of peptides with antioxidant activities. By
manipulating single amino acid residues in the sequence,
we can enhance the antioxidant properties of existing
peptides and even evolve new sequences that are not
existing in nature.

3.2.2 Conformational structures

Despite the extensive studies on the primary sequence
of antioxidant collagen peptides, the investigation of
how the secondary structures affect their antioxidant
properties has not been well documented to our best
knowledge. Nevertheless, spatial conformation plays
an important role in the antioxidant activity effect [96].
Conformational changes induced by temperature, pH,
and salt concentration may lead to the exposure of criti-
cal amino acid residuals, such as Cys, Tyr, and His, which
exert antioxidant effects [97]. For example, Ding et al.
[79] reported that the Met residue, on top of a collagen
peptide clump and exposed to the environment, provided
a precise active site for free radical scavenging, while
another Met residue, which is inside the peptide clump,
would hardly contact with the dissociated radical.

The secondary structure (a-helix, P-sheet, [B-turn,
and random coil) also affects the antioxidant properties
of these peptides. Zhang et al. [87] speculated that the
increase in antioxidant activity of collagen peptides after
magnesium chelation may be related to the increase of 8
turn and the decrease of random coil, which enables the
aromatic amino acids that can serve as proton/hydro-
gen donors to be directly exposed to the hydrophilic
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environment to remove free radicals. Besides, the appro-
priate changes in secondary structure could help to pro-
mote exposure to active groups in amino acids, so that
the peptides could exhibit better free radical scavenging
capacity [98].

Recently, structure—activity relationship studies using
molecular docking simulation have been reported for the
development of therapeutic antioxidant collagen pep-
tides. It is a powerful technology to reveal the interac-
tion between antioxidant collagen peptides and catalytic
sites of target proteins associated with oxidative stress.
Ma et al. [99] have been reported that LSGYGP from
fish skin inhibited activities of MMPs associated with a
classical antioxidant pathway by docking the active sites
of MMP-1 and MMP-9. The site of interaction between
antioxidant collagen peptide and target protein associ-
ated with oxidative stress is visible in the 3D structural
perspective via the simulation, and thus providing crucial
insights into the antioxidation mechanisms. The length
of the peptide chain is closely related to the structure
and amino acid composition of the peptide. Therefore,
the study of the relationship between the length of pep-
tide chain and antioxidant activity needs to consider the
effects of both the structure and amino acid composition
of the peptide. Molecular docking simulation might pro-
vide a new idea to solve this problem at the theoretical
level.

In summary, based on the current studies, it is still
difficult to make conclusive claims about how second-
ary and higher order structures of collagen peptides
affect their antioxidant activity. Thus, more experimental
research and simulation studies are needed in the future
to advance the understanding in this field.

4 Antioxidant collagen hydrolysates
for biomedical research

The research on antioxidant collagen hydrolysates in
the biomedical field mainly aims to cure or attenuate
various disorders and diseases caused by excessive oxi-
dative stress. These disorders and diseases include oxi-
dation-induced skin aging, osteoarthritis, osteoporosis,
oxidation-related liver injury, atherosclerosis, metabolic
syndrome (hypertension and type II diabetes), gastric
ulceration, retina diseases, and acute kidney injury. As
shown in Table 4, the common role of antioxidant col-
lagen hydrolysates is to scavenge ROS, decrease lipid
peroxidation, and increase cellular antioxidant enzyme
activity to defend against oxidative stress by regulat-
ing major antioxidant pathways, such as NF-kB, Keapl-
Nrf2-ARE, MAPK, and PI3K/AKT/mTOR pathways. In
this section, we introduce the role of oxidative stress in
several medical ailments, and how antioxidant collagen


http://blast.ncbi.nlm.nih.gov/

Deng et al. Collagen and Leather (2023) 5:26

Page 11 of 21

Table 4 The molecular mechanisms of antioxidant collagen hydrolysates against oxidative stress in different diseases

Medical impairments Species

In vitro/ In vivo models

Molecular mechanisms
(Signaling pathways)

Liver diseases Three-spot seahorse LO2 cell model of ethanol-induced liver injury in vitro MAPK; [94]
Keap/Nrf2
Tilapia fish HepG2 cell model of ethanol-induced liver injury in vitro  MAPK; [39]
Akt;
NFtJKB
Skate HFD-induced obese mice in vivo NF-kB; [100]
Nrf2;
Skin diseases Skipjack tuna UVB-irradiated HaCaT cell model in vitro Nrf2 [101]
Donkey Hs68 cell in vitro MAPK [102]
Grass carp scale B16F10 melanoma cell in vitro CcAMP-PI3K/Akt; MAPK [95]
Inflammatory bowel disease  Catfish Caco-2 cellin vitro; NF-kB [103]

DSS-induced acute colitis model in vivo

hydrolysates alleviates oxidative stress and contributes to
the treatment.

4.1 Skin diseases
The skin is one of the largest organs of the human body
covering the surface of the whole body. Skin aging and
skin diseases associated with oxidative stress are com-
mon medical impairments in dermatology that are exten-
sively investigated with antioxidant collagen hydrolysates.
Skin aging includes chronological and photo-aging,
which is affected by internal and external factors. Chen
et al. [40] have found that antioxidant collagen hydro-
lysates played an anti-chronological aging role by
reducing the accumulation of peroxide products and
improving the activity of antioxidant enzymes. Regard-
ing photo-aging, the main cause is ROS generated by
ultraviolet (UV) radiation that mediates the expression of
matrix metalloproteinases (MMPs) and type-I pro-colla-
gen through multiple signal pathways. Particularly, mito-
gen-activated protein kinase (MAPK) signaling pathway
is involved, resulting in a wide range of fundamental
cellular process variations, including cell growth, differ-
entiation, survival, apoptosis, migration, inflammation,
and response to environmental stresses. Antioxidant
collagen hydrolysates inhibit the rapid phosphorylation
of ERK, JNK, and p38 in the MAPK signaling pathway
(Fig. 2A), thus decreases MMPs expression and protects
the extracellular matrix (ECM) in the skin [99, 104]. Fur-
thermore, as shown in Fig. 2B, the antioxidant collagen
hydrolysate can reverse type I collagen reduction by acti-
vating the transforming growth factor B (TGEF-f)/Smad
signaling pathway [105, 106]. Although TGF-B/Smad
pathways are not directly associated with oxidative stress,
the increased collagen biosynthesis helps to recover
ECM, and relieve skin damage. Additionally, the col-
lagen hydrolysate could suppress UV-induced damages

by down-regulating the pro-inflammatory NF-xB path-
way [106]. The down-regulation led to less inflammatory
cytokines production and reduced ROS level, which in
turn attenuates the skin damage.

The biological effect of antioxidant collagen hydro-
lysates extracted from different sources has been evalu-
ated by several in vitro studies. Collagen hydrolysate as
a natural antioxidant was beneficial beyond UV-induced
damage and could be protective against other oxidative
skin damage, since it significantly reduced ROS genera-
tion [31, 62]. The anti-aging effects of collagen hydro-
lysates from different animal sources are different. Wang
et al. [107] observed that hen skin collagen hydrolysate
is superior to porcine, bovine, and tilapia skin collagen
hydrolysates in the protection of UVA-induced damage
in human dermal fibroblasts (HDF). Hen collagen hydro-
lysate improved viability and pro-collagen I production,
alleviated the expression of apoptotic genes and reduced
ROS production (Fig. 2C). The decline of ROS plays a role
in photo-aging activities and is possibly via the suppres-
sion of MMPs production [108]. In normal physiological
conditions, the formation of oxidants is balanced by effi-
cient removal of antioxidative enzymes, including SOD,
CAT, and GSH-Px. Tilapia fish skin collagen hydrolysates
significantly reduced intercellular ROS generation and
increased SOD activity in UVB-induced mouse embry-
onic fibroblasts (MEFs) [99]. SOD is the initial enzyme in
the enzymatic defense system in vivo and converts super-
oxide radicals into H,O,, which can directly or indirectly
damage skin cells and induce cell apoptosis or necrosis.
A few studies have evaluated the protective effect of col-
lagen hydrolysates with the high radical scavenging activ-
ity and lipid peroxidation inhibiting capability against
H,O, injury in human umbilical vein endothelial cells
(HUVECs) by reducing the contents of ROS promot-
ing and cell proliferation [42, 44]. Additionally, previous
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results indicated that H,O, is produced during melano-
genesis, leading to advanced oxidative stress in melano-
cytes. Hu et al. [95] demonstrated a strong correlation
between antioxidant activity and anti-melanin in vitro
and revealed that the grass carp scale collagen peptide
(FTGML) reduced the involvement of H,0, in melanin
synthesis.

It is worth noting that the in vitro skin-protective
potential observed in antioxidant collagen hydrolysates
also applied in vivo. Antioxidant collagen hydrolysates
ingestion can alleviate the UV-irradiation-induced oxi-
dative stress in vivo, and significantly increase SOD,
CAT and GSH-Px activity in skin tissues (Fig. 2D) [30].
The condition of aging skin in mice improved after oral
administration of the antioxidant collagen hydrolysate,
maintaining a smooth, orderly, and complete structure
(Fig. 2E). The results demonstrated that the antioxidant
collagen hydrolysate had significant protective effects on
chronologically aged skin. Moreover, antioxidant colla-
gen hydrolysates obtained from different animal tissues
have different degrees of protection against skin photo-
aging in mice. Bone collagen hydrolysate exhibited better
effectiveness than skin collagen hydrolysate in improving
UVB-induced mice skin damage by inhibiting the activa-
tion of p-ERK and p-JNK proteins in photo-aging skin
and down-regulating MMP-1 protein expression, thereby
suppressing collagen degradation (Fig. 2F). Unlike bone
collagen hydrolysate, skin collagen hydrolysate improved
UVB-induced mice skin damage by inhibiting p38 activa-
tion and promoting TGF-B1 expression via TGE-p signal-
ing pathway [28].

4.2 Cardiovascular diseases

4.2.1 Hypertension

Hypertension is one of the major risk factor associated
with cardiovascular diseases such as myocardial infarc-
tion, heart failure, and vascular dementia. Oxidative
stress caused by increased free radical generation or
weakened antioxidant mechanism is closely related to the
occurrence and progression of hypertension and dam-
age to targeted organs [109]. Antioxidant therapy can
lower blood pressure, protect endothelial cells, reduce
vascular wall remodeling, improve vascular function,
and slow down the development of hypertension and its
complications. Angiotensin-I-converting enzyme (ACE)
is a crucial enzyme or receptor that catalyzes the gen-
eration of potent vasopressor angiotensin II (ANG II),
which is one of the strongest vasoconstrictors known
in the renin angiotensin system. ANG II induces apop-
tosis by enhancing oxidative stress and inflammation,
which is related to the excessive production of ROS,
and the decrease of endothelial nitric oxide synthase
(eNOS) expression [110]. This means that reducing ROS
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production and restoring NO synthesis may be an effec-
tive strategy against ANG II-induced endothelial injury.

The collagen peptide FNLRMQ extracted from
Takifugu bimaculatus skin by Shuilin et al. could cause
NO production by activating the Akt/Enos pathway,
thereby affecting the cell dysfunction induced by ANG IL
In addition, FNLRMQ can also promote the nuclear Nrf2
level, thereby activating the Nrf2-/HO-1 pathway and
protecting human umbilical vein endothelial cells from
damage. Nrf2 is the most important regulator of cellular
antioxidant activity and mediates antioxidant responses
to inflammation and oxidative stress [27]. Another study
showed that the antioxidant collagen hydrolysate from
blue mussel byssus exhibited the highest ACE inhibition
potencies, thereby having the potential for the manage-
ment of cardiovascular diseases [111]. Alemén et al. [48]
demonstrated the presence of Leu residues in the antioxi-
dant collagen peptide sequence (GPLGLLGFLGPLGLS),
which appears to play an important role in their ACE-
inhibitory activity. However, in vivo studies need to be
carried out to validate these effects.

4.2.2 Atherosclerosis (AS)

AS is an underlying disease for most cardiovascular dis-
eases, whose development is modulated by oxidative
stress [112]. Oxidative endothelial dysfunction is a trigger
of atherosclerosis [113]. Collagen hydrolysates (contain-
ing antioxidant peptides and anti-inflammatory peptides)
showed a great potential for attenuating AS. For example,
collagen hydrolysate from salmo salar skin could inhibit
arterial intima thickening and plaques formation in vivo
by regulating serum inflammatory cytokine levels (IL-6
and TNF-a), and oxidative stress (MDA and CAT) with-
out any side effects (Fig. 3A) [52]. As shown in Fig. 3B,
after oral administration of collagen hydrolysate, the
lipid plaques in the aortic intima and the atherosclerotic
plaques in thoracic arterial walls in mice were signifi-
cantly inhibited, exhibiting a comparable effect with posi-
tive control aspirin. Subsequently, Hidehito et al. [114]
first tried to determine the molecular mechanism of anti-
atherosclerotic effect of collagen tripeptide. They claimed
that collagen tripeptide may exert a protective effect on
Human Aortic Endothelial Cells (HAECs) (Fig. 3C), at
least in part, by recovering some genes that were inhib-
ited by ROS treatment, such as the interleukin-3 recep-
tor subunit alpha (IL3RA) (Fig. 3D), thereby slowing the
development of atherosclerosis and other vascular dys-
functions. However, at this stage, the understanding of
the effective action sites of collagen hydrolysates and the
signaling pathways that stimulate gene expression is still
incomplete. Therefore, further research on the structure—
activity relationship of collagen hydrolysates is needed to
better elucidate the molecular mechanism and potential
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of antioxidant collagen hydrolysates on histopathological

changes of aorta in mice in the early (14 weeks) and mid-stage (17 weeks) progression of atherosclerosis, including Oil Red-O staining images

and H&E staining images in different concentration groups. Reproduced with permission [52]. Copyright 2022, Elsevier. C In vitro evaluation

of anti-atherosclerotic effect of antioxidant collagen hydrolysates with the cell morphology digital photographs in different groups (The untreated
group, H,0,-treared group, and H,0, + CTP-treated group). [114] Copyright 2021, The Author(s), under the terms of the Creative Commons CC-BY
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and PBS: control group) [114]. Copyright 2021, The Author(s), under the terms of the Creative Commons CC-BY license

signaling pathways involved in the anti-atherosclerotic
effect. Moreover, clinical trials are needed to further con-
firm the benefits of collagen hydrolysates for humans.

4.3 Liver diseases

Persistent oxidative stress in the liver is the leading
cause of liver diseases such as fatty liver, liver injury,
hepatitis, liver fibrosis, and liver cancer. At the molec-
ular level, by analyzing the expression of differen-
tial genes, Du et al. found collagen hydrolysate could

protect liver from ethyl carbamate-induced oxidative
damage due to the modulation of ferroptosis and glu-
tathione metabolism pathways (Fig. 4A) [34]. Further-
more, the antioxidant and protective effects of collagen
hydrolysate against liver diseases are related to different
signaling pathways. For instance, collagen hydrolysates
have been reported to prevent acute liver injury via
attenuation of oxidative stress by mediating the three
classical signaling pathways, Keapl/Nrf2-ARE, PI3K/
AKT, and MAPKs (Fig. 4B) [59].
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In vitro studies have proved the protective effect of col-
lagen hydrolysates on hepatocytes from environmental
pollutant-induced oxidative stress. Notably, Zhang et al.
[87] showed that the chelates of bovine collagen hydro-
lysate with Mg(II) had higher radical scavenging activities
than the peptides alone, enhancing the intracellular anti-
oxidant enzyme activities and GSH levels. These metal-
chelated collagen hydrolysates demonstrated higher
protective and reparative effects against H,O,-induced
oxidative damage in HepG2 cells (Fig. 4C). This is
explained by the fact that metal chelation could change
the spatial conformation via the coordination with
amino acid residues and enhance the biological activity
of peptides. Moreover, an increasing number of studies
have identified the efficient collagen peptide from anti-
oxidant collagen hydrolysates, which helps to explore the
molecular mechanisms of antioxidant activities. Taking
the experiment of Wang et al. [32] as an example, they
confirmed that redlip croaker-derived collagen peptides
(GPEGPMGLE, EGPFGPEG, and GFIGPTE) with strong
radical scavenging activities, lipid peroxidation inhibiting
ability, and oxidation-damaged DNA protective activi-
ties, could downregulate intracellular ROS accumulation
and improve cellular antioxidant enzyme (SOD, CAT,
and GSH-Px) defense system. Similarly, YGDEY from
tilapia fish skin collagen hydrolysate with hydroxyl radi-
cal scavenging activity has significant protective effects
against alcohol-induced hepatotoxicity in HepG2 cells by
regulating key intracellular antioxidants (SOD and GSH)
(Fig. 4D) [39].

Regarding in vivo studies, Li et al. [116] assessed that
tilapia skin collagen hydrolysate can alleviate liver inju-
ries in aging mice induced by D-gal. Its mechanism of
action is, at least partially, associated with the attenuation
of oxidative stress and enhancement of immune function.
Subsequently, it was proved that oral collagen hydrolysate
administration enhanced the activity levels of antioxi-
dant defense enzymes (SOD and CAT) and reduced lipid
peroxidation levels in hepatic tissues [51]. In a similar
research, collagen peptides from Micropterus salmoides
skin also enhanced the repair of liver function damage
induced by cyclophosphamide by significantly increas-
ing the activity of SOD and decreasing MDA content in
mice (Fig. 4E) [115]. Further clinical trials are needed to
further confirm that the collagen hydrolysates have simi-
lar beneficial effects in human like increasing the activity
level of antioxidant defense enzymes in vivo and reducing
lipid peroxidation in hepatic tissues.

4.4 Other diseases

In addition to skin, cardiovascular, and liver diseases,
several other diseases are also associated with oxida-
tive damage, such as type II diabetes, osteoarthritis,

Page 16 of 21

degenerative retina diseases, and acute kidney injury. The
therapeutic potential of antioxidant collagen hydrolysates
in these diseases is also explored using in vitro or in vivo
models, as specified below.

Regarding type II diabetes, it has been proved that oxi-
dative stress and inflammatory responses are well-known
contributors to increased insulin resistance, which is
characteristic of disease development. Sivaraman et al.
[117], for the first time, demonstrated that antioxidant
collagen hydrolysates possessed hypoglycaemic effects
in mice. After treatment with antioxidant collagen
hydrolysates, the blood glucose level in diabetic mice
decreased, with an increase in antioxidant enzymes SOD
and CAT and decrease in MDA. The therapeutic effect
was similar to metformin, a drug on the market that low-
ers blood glucose levels. Subsequently, Woo et al. [100]
further confirmed that skate skin collagen hydrolysate
might alleviate hepatogenic insulin resistance by increas-
ing the antioxidative activity and suppressing the inflam-
matory response in the liver.

Osteoarthritis (OA), the most common degenerative
joint disease worldwide found in elderly individuals, is a
leading cause of physical disability. Although the etiol-
ogy and underlying mechanisms of OA are complicated,
many evidence has suggested that oxidative stress due to
the chronic production of ROS plays an important role
in the physiology and pathophysiology of OA. Therefore,
developing antioxidants to alleviate oxidative stress in
the joint becomes a promising therapeutic strategy for
the treatment of OA. In an in vitro case study, collagen
hydrolysate from chicken sternal cartilage was proven to
be effective against H,0O,-induced cellular oxidative dam-
age in the knee joint of rat cells due to their antioxidative
capability and rebalancing the catabolism and anabolism
processes in arthrodial cartilage [81].

Oxidative stress perpetuates the cycle of destruc-
tion at the root of retina diseases. Application of colla-
gen mimetic peptides reduced production of ROS and
improve retinal pigment epithelium cells adherence and
survival by repairing collagen damaged [118]. In H,0O,
simulated in vitro oxidative stress microenvironment,
carboxymethyl cellulose modified with collagen peptide
(CMCC) showed antioxidant capacity, which can effec-
tively inhibit ROS production in rat retinal endothelial
cells. In addition, CMCC, as a drug carrier, significantly
reduced the retinal oxidative stress level and potently
recovered the activities of typical antioxidant enzymes,
SOD and CAT in the retina of mice after loading anti-
inflammatory drugs [119].

Acute kidney injury (AKI) is common in critically ill
patients and can lead to chronic kidney disease when
left untreated. Inflammation and oxidative stress play the
key role in the development of AKI. In the nucleus, the
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expression of antioxidant enzymes such as SOD, heme
oxygenase-1 (HO-1), CAT, and GSH-Px is stimulated
by the binding of the activated Nrf2 and the antioxidant
response element [120]. A case study has reported that
collagen hydrolysate from Acaudina molpadioides could
activate the NF-«xB and Nrf2 pathway through the PI3K/
AKT pathway to protect kidney from damage caused by
oxidative stress, which laid a foundation for the applica-
tion of collagen hydrolysate in the prevention of AKI [61].

5 Summary and outlook

In summary, the present review provided an update on
antioxidant collagen hydrolysates development in recent
years. As elaborated in this review, antioxidant colla-
gen hydrolysates, as collagen derivatives from natural
resources, shows great potential for current and future
biomedical applications. Previous studies demonstrated
an increasing number of antioxidant collagen hydro-
lysates investigations against several diseases and dis-
orders. These studies advanced the development of
extraction and isolation techniques, revealed the struc-
ture—activity relationship between peptide and target
protein catalytic sites, and explored the mechanisms of
antioxidant collagen hydrolysates treating different dis-
eases. As a result, we believe that such efforts will pro-
mote further interests in versatile antioxidant collagen
hydrolysates.

Regarding future directions in this field, obtaining
highly active antioxidant collagen hydrolysates is crucial
to realize its therapeutic potential. This could be achieved
by developing new enzymes for the hydrolysate prepara-
tion. By exposing key amino acid residues with antioxi-
dant contribution in the final peptides, it is possible to
enhance the antioxidation capability of the hydrolyzed
collagen peptides obtained from the same raw material.
Furthermore, we need a more comprehensive under-
standing of the structure—function relationship of col-
lagen hydrolysates. In the future, the identification of
antioxidant collagen hydrolysates should not only clarify
the amino acid sequence, but also clarify the secondary
structure. Due to the immense number of peptide combi-
nations in antioxidant collagen hydrolysates, advances in
the elaboration and constant update of databases regard-
ing the peptides formed in proteolytic reactions are
necessary. Prediction of possible products and the con-
sequent biological activity is using computational simu-
lation may improve the selection and production of new
antioxidant collagen hydrolysates/peptides. In addition,
it is highly recommended that researchers specify the
species, and possibly the breed, of the selected collagen
in their research, as this provides additional evidence for
comparing the antioxidant potential of collagen hydro-
lysates from different animals.
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For biomedical applications, the antioxidant effects
reported in the in vivo and in vitro studies underscore
the importance of collagen hydrolysates for the removal
and defense against reactive substances such as ROS.
Further research is needed to assess the efficacy and
reproducibility in clinical trials in healthy subjects and
patients with oxidative imbalance-related diseases,
and to identify and develop preventive and therapeu-
tic measures. Moreover, efforts should be dedicated to
developing safety assessment methods to characterize
the toxicological effects of antioxidant collagen hydro-
lysates before and during clinical trials to anticipate
and prevent side effects.
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