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Abstract

The present review examines the role of collagen hydrolysates in
the treatment and prevention of joint diseases. Collagen is the main
structural protein of bones, cartilage, ligaments, and tendons in
joints. Hydrolyzed collagen, as a source of specific amino acids,
can be a building material for the formation of collagen fibrils in
connective tissues. Enzymatic hydrolysis of chicken cartilage
made it possible to obtain a complex of collagen type II
hydrolysate
hydrolysates of cutaneous collagen, type II cartilaginous collagen,
and type Il non-denatured cartilaginous collagen were tested. The
use of collagen hydrolysates for a long time (5-6 months) allowed
for improving the functioning of the knee joint in patients not only
with mild but also with severe osteoarthritis. Nutraceuticals from

and glycosaminoglycans. In clinical studies,

type II collagen hydrolysates in combination with vitamin C more
effectively affect the formation of collagen fibrils, and
proteoglycans in the cartilage matrix and thus can affect the
increase in joint mobility. Nutriciology, as a branch of modern
biopharmaceutics, represents its new direction and explores
possible mechanisms and ways to prevent human diseases.
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Introduction

Cartilage diseases: arthritis and arthrosis of joints and destruction
of intervertebral discs in the spine are common chronic diseases
(Gabay & Clouse, 2016). By pharmacological agents, (steroids and
other drugs) diseases of the musculoskeletal system are difficult to
treat (Hollister, 1992). The medications used are mainly aimed at
reducing pain and increasing joint mobility. Therefore, medical
institutions and patients are looking for non-standard methods of
eliminating health disorders (Bledzhyants et al., 2019; Mezhidov
et al., 2021). In recent years, along with traditional
pharmacotherapy, polypharmaceuticals, and biopharmaceuticals
have been developing (Pfeifer et al., 2021). Clinical nutritionology
is one of the new directions of biopharmaceutics (Lobo & Deutz,
2020). By definition, accepted in the USA and the UK, a
nutraceutical is a food with pharmaceutical properties. One of the
problems of the rational search for natural medicines capable of
providing biopharmaceutical and polypharmaceutical effects can
be solved by the development of nutraceuticals from connective
tissue components (Deal & Moskowitz, 1999). Nutraceuticals
containing collagen hydrolysate, glucosamine, chondroitin sulfate,
hyaluronic acid, vitamin C, and other substances have become
widespread (Bazhenova er al., 2021). Glycosaminoglycans —
chondroprotectors — have long been used in diseases of the
musculoskeletal system (Danilov & Grigorenko, 2015). In this
review, we consider collagen as the main protein of connective
tissues, the fibrils of which strengthen the matrix of tissues in the
joints. By applying collagen hydrolysates, patients can prevent or
alleviate the symptoms of diseases. The purpose of this review is
to analyze nutraceuticals derived from collagen hydrolysates, as
well as to evaluate the effectiveness of their action in the
prevention and treatment of joint diseases.

Structure of Connective Tissues of Joints

Such a complex organ as a joint consists of bones, cartilage,
ligaments, tendons, and vitreous (Figure 1) (Ralphs & Benjamin,
1994). Cartilage tissue is localized in those areas of the
musculoskeletal system that experience the greatest mechanical
stress. Changes in joints in diseases begin primarily in hyaline
cartilage and then spread to the bone and other tissues (Jeftrey &
Watt, 2003).

The connective tissues of the joints are formed from specialized
cells and extracellular matrix. The matrix contains collagen and
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elastin fibrils, proteoglycans, and glycoproteins. The mechanical
strength of the matrix is determined by the rigid structure of
collagen and elastin fibrils (Theocharis ef al., 2016). Collagen is
the main structural protein of connective tissues. Figure 1 shows
the main components of cartilage tissue and describes their role.

Fibrils are formed from collagens of types I, II, and III and their
complexes with minor collagens of types IX, X, XI, XII, and XIV.
Type 1I collagen predominates in cartilage (Luo ez al., 2017). Type
VI collagen fibrils connect the main fibrils. Collagen fibrils in the
matrix form a three-dimensional network. Proteoglycans and
flexible fibrils of small diameter, but containing a large number of
covalent cross-links, give elasticity to tissues (Silver ef al., 2021).
Proteoglycans and glycoproteins fill the space between fibrils and
cells. Glycoproteins, binding to receptors on the surface of
chondrocytes, interact with the matrix with cells. Proteoglycans are
formed from complexes of aggrecans, binding protein, and
hyaluronic acid. The composition of aggrecans includes
glycosaminoglycans: chondroitin-4-sulfate, chondroitin-6-sulfate,
and keratan-sulfate (Ren et al., 2021). The specific structure of the
matrix provides both biomechanical properties of cartilage and
promotes its nutrition by diffusion. It is known that there is no
circulatory system in hyaline cartilage (Jeffrey & Watt, 2003).
Nevertheless, the interstitial water, its large amount, and the
substances dissolved in it provide an intensive metabolism.
Proteoglycans, having cationic and anionic properties, regulate the
physicochemical properties of the matrix. Changes in the content
of collagen proteins, proteoglycans, glycosaminoglycans, metal
ions, and water disrupt the structure of cartilage tissue, leading to
diseases. Pathological processes in arthrosis are accompanied by
reduced concentrations of collagen and glycosaminoglycans (Eyre,
2002). The structure of collagen fibrils in the joints is weakened in
the hereditary disease hypermobility of the joints, in which the skin
also becomes thinner (Wolf et al., 2011). Violations of the matrix
structure and the size of collagen fibrils in such different tissues as
cartilage and skin occur in the absence of type VI collagen, a
deficiency of salts and vitamins (Kuo ef al., 1995). The
replacement of the missing components of the matrix in the human
body can be carried out using therapeutic agents of preventive
action, as well as nutraceuticals. Chondroprotective drugs are
hyaluronic acid and sulfated glycosaminoglycans (Sukhikh et al.,
2020). They are isolated from proteoglycan complexes contained
in the tissues of vertebrates and hydrobionts. The macromolecules
of connective tissues embedded by nature in the human and animal
bodies can be drugs of polypharmaceutical and biopharmaceutical
action.
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Figure 1. The role of components in cartilage tissue

Production of Collagen Hydrolysates and Nutraceuticals Based on
Them

Even though collagen is the main protein of joints, collagen
nutrients have been used relatively recently for the treatment of
arthritis and arthrosis. Collagen enters the human body with food
after its heat treatment. the denatured type of collagen is medicinal
and food gelatin (Liu et al., 2015). Collagen proteins and gelatin
under the action of enzymes of the gastrointestinal tract can be
broken down into amino acids and polypeptides. The large length
of collagen molecules and fibrils, which have a relatively high
molecular weight, prevents their effective digestion (Olsen ef al.,
2003). Collagen hydrolysates containing a set of amino acids and
polypeptides are more readily available for assimilation in the
human body. Amino acids entering the blood accumulate in
connective tissues and cells. Hydrolyzed collagen, as a source of
specific amino acids, can be a building material for the
biosynthesis of the matrix of these tissues (Leon-Lopez et al.,
2019).

Pharmaceutical gelatin was obtained from extracts of skin tissue.
To increase the absorption of gelatin, its enzymatic hydrolysis was
additionally carried out (Borges et al., 2016).

An urgent task is to obtain collagen hydrolysates with a high
content of free amino acids and low molecular weight
polypeptides. Enzymatic hydrolysis of collagen is a necessary
stage in the creation of effective nutraceuticals and the production
of nutrients with regulated characteristics (Skov et al., 2019).

The degree of hydrolysis (DH) is the most significant characteristic
of the depth of hydrolysis. The DH index correlates with the
distribution of molecular chain lengths and with the molecular
weight of peptides. The molecular parameters of hydrolysates vary
depending on the type of animal and the conditions of tissue
hydrolysis. Thinner fish skin (cod and other species) promotes the
formation of collagen hydrolysates of a higher degree of hydrolysis
when compared with hydrolysates of hydrobionts (trepangs)
(Blanco et al., 2017). Tissue hydrolysis was studied under the
influence of different enzymes, and the duration of the enzyme, as
well as depending on temperature, pH, and enzyme/substrate ratio.
Optimization of the conditions of enzymatic hydrolysis allows for
an increase in the degree of collagen hydrolysis.

Hydrolyzate of collagen from the skin of cattle "Collamine-80"
was obtained under the influence of enzymes in the pancreas of
pigs. "Collamine-80" contains amino acids, dipeptides, tripeptides,
and polypeptides. Based on "Collamine-80" in Russia, the
nutraceuticals "Collagen ULTRA" and "Collagen-S" were
developed. Their main component is the hydrolyzate of collagen
types I and III. However, the skin tissue hydrolyzate used in all
nutraceuticals does not contain a complete set of amino acids
specific for cartilage fibrils and joints. Based on the difference in
the amino acid composition of type I, 11, and III collagens, we
suggest that nutrients from skin collagens may have a weaker
effect on the formation of strong fibrils in the tissues of the
musculoskeletal system (Mafi et al., 2012).

From chicken cartilage, using the proteolytic enzymes papain,
ficin, and bromelain, type II collagen hydrolysates were obtained
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in the USA. The molecular weight of the peptides varies from 50
to 10,000 d. Along with type II collagen, BioCell Collagen 11
hydrolyzate contains glycosaminoglycans: hyaluronic acid, and
chondroitin sulfate. Based on these hydrolysates, nutraceuticals
were developed with a set of other components: JointFlex
Complete, Flex-a-Min, and Flex-A-Min Triple Strength.

Experiments in Cell Culture

It was shown that in chondrocytes in vitro after 11 days of
cultivation in a medium with type II collagen hydrolyzate, the
number of amino acids increased by 2.5 times compared to the
control (medium without collagen hydrolyzate). Stimulation of
collagen formation from amino acids in cells is regulated by
enzymes whose activity is influenced by vitamins and metal
cations (Abujamel, 2022). Synthesis of collagen and its fibril
formation is a complex multi-stage process. Biosynthesis takes
place in specialized cells (chondrocytes in cartilage), and fibril
formation occurs near the cell surface (Bahshwan, 2022).
Hydroxylation reactions make it possible to modify collagen
molecules. Enzymes catalyze hydroxylation: prolyl-4-hydroxylase
and lysyl-5-hydroxylase to convert proline to hydroxyproline, and
lysine to oxylysine. Enzymes are active if iron is in the divalent
form, which is provided by ascorbic acid (vitamin C). A feature of
high-strength collagen fibrils is the high content of amino acid
residues with aldehyde groups. Normally, lysine and oxylysine
form their aldehyde forms, allisin, and oxyallysin, which are
involved in the formation of strong covalent bonds between
collagen molecules. Therefore, nutraceuticals from collagen
hydrolysates in combination with ascorbic acid (vitamin C) have a
more effective effect on fibril formation.

The cartilage of the joints accumulates ascorbic acid. In
chondrocytes, ascorbic acid and dihydroascorbate are translocated
via sodium-dependent vitamin C transport (SVCT-2) and glucose
transport GLUT 1, respectively. In vitro, ascorbate and ascorbic
acid stimulated the synthesis of type I and II collagen,
proteoglycans, and aggrecans in joint chondrocytes (Schendrigin
et al., 2022). An in vivo study in STR/ort mice (which developed
osteoarthritis) showed that long-term administration of collagen
hydrolyzate can reduce the degenerativeness of cartilage tissue
affected by osteoarthritis and delay its development
(Rzhepakovsky et al., 2021). Table 1 shows inducers and
inhibitors of collagen synthesis.

Table 1. Inducers and inhibitors of collagen synthesis

Synthesis inhibitors Synthesis inductors

Epidermal growth factor Insulin-like growth factor I

Fibroblast growth factor Transformative growth factor 1

Main inflammatory mediators
(IL-1, TNFa and interferon-y)

Fibroblast cell surface
integrins — receptor alp1

Fibroplast cell surface integrins
—receptor alpl

Platelet growth factor Platelet growth factor

Hormones - Hormones - insulin,

gluccorticosteroids progesterone, androgens

Deficiency of enzymes,
cofactors

Clinical Studies

After clinical trials of chondroprotectors, both positive and
negative results from the use of chondroitin sulfate and hyaluronic
insignificant effect of these
chondroprotectors on pain reduction in patients has also been
established. The inconsistency of the observed difference is
apparently due to the different sources and methods of obtaining
chondroprotectors (Shavlovskaya et al., 2020). If along with
glycosaminoglycans, collagen proteins are included in the

acid were observed. The

composition of the drug, the drug may have a stimulating effect.
The lack of collagen proteins is compensated by taking
nutraceuticals (Asiwe ef al., 2022; Chakravert & Bondyopadhyay,
2022; Seal et al., 2022; Subbaiah et al., 2022)

The effect of pharmaceutical collagen hydrolysate on metabolism
in patients with osteoarthritis was tested (Moskowitz, 2000).
Patients with osteoarthritis of the knee joint took 10 g of
pharmaceutical collagen hydrolysate or 12 g of lactose (placebo)
daily for 24 weeks. Clinical studies in medical centers in three
countries have revealed an improvement in joint function and the
advantage of treatment with pharmaceutical collagen hydrolysate
over placebo only in Germany. No statistically reliable results were
obtained in either the US or the UK.

The specificity of connective tissue for obtaining collagen
hydrolysates and more effective treatment of joints has been
determined. After the use of type II collagen hydrolysate for 24
weeks in a group of athletes — healthy people, but with
intraarticular pain - an increase in joint mobility, a decrease in pain
syndrome, and a decrease in dependence on analgesics were
observed. In patients with primary osteoarthritis, under the same
conditions of receiving collagen hydrolysate, the knee joint
function improved according to the visual analog scale and
WOMAC. In patients with symptoms of mild osteoarthritis of the
knee joint, who used collagen hydrolysate (10 g/day) with calcium
(300 mg/day) and vitamin C (60 mg/day) for 14 weeks, the
functional mobility of the knee increased according to isometric
and isokinetic tests. Also, higher results were observed in patients
with severe forms of osteoarthritis.

Non-denatured type II collagen was used to treat rheumatoid
arthritis. The study was carried out at Harvard University in 1993.
The results were obtained that non-denatured type II collagen can
affect joint mobility and pain reduction in them, as well as improve
the functional state of patients with osteoarthritis (Moskowitz,
2000). The potential mechanism of action of non-denatured type 11
collagen is probably due to the "retraining" of T cells for immune
resistance. Intact type II collagen entering the gastrointestinal tract
re-creates antigenic interactions with tree cells and regulatory T
cells in the lymph of intestinal tissue. Regulatory T cells secrete
cytokines, such as interleukin-10 and transforming growth factor,
which inhibits the immune response to antigens (type II collagen).
Cytokines can affect the reduction of the immune response to type
II collagen inside the articular cartilage and thus prevent an anti-
inflammatory acute reaction to articular cartilage in conditions of
arthritis. Considering the complementary mechanism of action of
non-denatured type II collagen in addition to its effectiveness, it
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can be considered a complex-acting supplement and can be taken
at 40 mg daily (Anastasova et al., 2022; Jallepalli et al., 2022;
Mane & Kanase, 2022; Zibi et al., 2022).

Nutritionology in the Prevention of Joint Diseases

Currently, the objectives of treating patients with arthritis and
arthrosis are to increase joint mobility and reduce pain. Joint
mobility is determined by the optimal size of collagen fibrils and
proteoglycans. It is known that in cartilage matrix renewal occurs
after a year (Strecanska et al., 2022). Therefore, the long-term and
systematic use of a complex of specific amino acids and
glycosaminoglycans in type Il collagen hydrolysates makes it
possible to restore and strengthen the structure of human joint
tissues. The recommended dose is 10 g of collagen hydrolysate per
day. Nutraceuticals based on collagen hydrolysate effectively
affect both the early stage of joint diseases and the prevention of
such diseases. Chronic human diseases due to connective tissue
dysplasia are laid at the embryonic stage of development and /or at
the growth stages of children and adolescents. Nutraceutical
supplements made of collagen amino acids help weakened children
strengthen cartilage, bone, and other connective tissues (Khatri et
al., 2021). The use of nutraceuticals from collagen hydrolysates in
combination with glycosaminoglycans, vitamins, and metal
cations can stimulate the biosynthesis of macromolecules in cells
and the structure of the extracellular matrix, disrupted as a result
of diseases (Cardoso et al., 2014; Mobasheri et al., 2021; Blinov et
al., 2022). If the action of modern medicines is aimed at reducing
inflammatory and painful symptoms during the disease or its
exacerbation, then nutraceuticals have an advantage in preventing
diseases (Alanazi et al., 2019; Mostafavi et al., 2019; Son et al.,
2021).

Conclusion

Taking into account that collagen is the main structural protein of
bones, cartilage, ligaments, and tendons in joints, the role of
collagen hydrolysates in the treatment and prevention of joint
diseases is considered. to obtain hydrolysates with a high content
of amino acids, a biocatalytic approach and optimization of
enzymatic hydrolysis are effective. The data presented in the
review show that collagen hydrolysates can alleviate the symptoms
of joint diseases. However, the role of nutrition in reducing the
development of the disease remains poorly understood. Research
on the treatment and prevention of connective tissue diseases using
nutraceuticals is at an early stage of development. Only a few types
of collagen hydrolysate have been obtained and tested. Moreover,
the specificity of type II collagen hydrolysate from cartilage tissue
has been determined to improve the functioning of joints. Since the
increase in joint mobility can be regulated by the size of collagen
fibrils and proteoglycans, it will be necessary to determine the
relationship between the composition of collagen hydrolysates and
the structure of the matrix. If the pharmacological method is based
on the study of one molecule / one target, then nutritionology is a
more holistic type of methodology: many ingredients / multiple
targets. Nutriciology, as a branch of modern biopharmaceutics,
represents its new direction and explores possible mechanisms and
ways to prevent human diseases.
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