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ARTICLE INFO ABSTRACT

Keywords: Collagen is one of the main components of the extracellular matrix of the dermis and articular
Skin cartilage and influences the body’s mechanical, organizational, and tissue formation properties.
Joint

Produced from food industry by-products, it is considered a nutraceutical product widely used as
an ingredient or supplement in food, pharmaceutical, and cosmetic industries. This study aimed
to conduct a literature review on the scientific evidence regarding the beneficial effects of
collagen consumption in the treatment of skin and orthopedic diseases. Literature data have
shown that hydrolyzed collagen supplementation promotes skin changes, such as decreased
wrinkle formation; increased skin elasticity; increased hydration; increased collagen content,
density, and synthesis, which are factors closely associated with aging-related skin damage.
Regarding orthopedic changes, collagen supplementation increases bone strength, density, and
mass; improves joint stiffness/mobility, and functionality; and reduces pain. These aspects are
associated with bone loss due to aging and damage caused by strenuous physical activity. Thus,
this review addresses the economic and health potential of this source of amino acids and
bioactive peptides extracted from food industry by-products.

Bone metabolism
Senescence
Aging

1. Introduction

The development of science, improvements and innovations in the field and industry of food and access to sanitation and education
contribute to increase human life expectancy. However, access to these factors is not uniform worldwide, making it a privilege of
developed countries, where life expectancy is higher than 80 years old while in some African countries, in 2019, life expectancy ranged
from 53 to 76 years old [1]. The increase in life expectancy carries with it senescence, promoting progressive and cumulative func-
tional and structural changes in the human body [2].

Collagen is a very important protein in the aging process, since it influences the structural, mechanical, organizational, and tissue-
building properties of the body [3]. This protein interacts with cells by several families of receptors, regulating their proliferation,
migration, and differentiation, and some types of collagen have a restricted distribution in tissues and, therefore, a specific biological
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function [4]. Besides being a source of amino acids, collagen products can perform a biological activity in extracellular matrix cells by
their bioactive peptides, which justifies their application in dietary supplements and pharmaceutical preparations [5].

Collagen is extracted from industrial by-products, such as bones, cartilage, tendons, and the skin of cattle, pigs, chickens, fish, or
other marine organisms, and may undergo a hydrolysis process to obtain bioactive peptides [6-8]. The variables and methods applied
in protein hydrolysis influence the composition of the peptides present in the final product and can impact the molecular weight, the
amino acid composition, and the solubility and functionality of the product [6,7,9]. The molecular weight of collagen peptides can
range from 0.3 to 8 kDa [10] and low-molecular-weight peptides usually have better bioactivity compared with
higher-molecular-weight peptides [11]. According to Sibilla et al. [10], the advantage of using collagen hydrolysates over native
collagen is their high digestibility rate, which contributes to increased absorption, distribution, and use in the human body.

The greatest beneficial effects of collagen peptides occur in populations with collagen degradationor at greater risk of developing
this type of condition, such as bone and cartilage loss resulting from aging, or even from strenuous physical activity, joint impact,
excess weight, hormonal changes, trauma, burns, aggressive cancer therapy, and skin and dental implants [12]. Therefore, collagen
can be considered a nutraceutical product, since, besides its nutritional function (amino acid supply), it promotes physiological
benefits and protection against some diseases. Notably, collagen is a low-tryptophan protein, an essential amino acid for humans. The
study by Bordin and Naves [13] showed that replacing 20%-25% of this protein in the diet of male Wistar rats decreased feed efficiency
and the bioavailability of high biological value proteins (casein) existing in their diet. However, Paul, Lesser, and Oesser [14] observed
that adding up to 54% of collagen peptides to the standard American diet does not change dietary protein quality (PDCAAS equal to
0.75). The authors also indicate that collagen is a source of conditionally essential amino acids (glycine and proline), which are
important in some physiological situations.

Considering the beneficial properties and clinical relevance of using hydrolyzed collagen for health promotion, this study aims to
perform a literature review on the beneficial effects of the consumption of collagen peptides on skin and orthopedic changes. We
searched articles from the PubMed and ScienceDirect databases using the following keywords: collagen, collagen supplementation,
collagen supplement, dermatological alterations, and orthopedic diseases. We selected studies published from 2000 to 2022, including
all research that has evaluated the effects of collagen (native or hydrolyzed) supplementation in clinical trials or experimental pro-
tocols without the addition of any other nutrient or substance.

1.1. Structure and characterization of collagen

In mammals, 25%-35% of the total protein mass corresponds to collagen [10]. To date, 29 types of collagen [15] have been
described so far. In the human body, this protein can be found in bones, tendons, ligaments, hair, skin, and muscles [16]. Types I, II,
and III correspond to 80%-90% of the total collagen found in the human body [15] and type I is the most abundant in the skin (80%).
Type III collagen corresponds to 15% [10]. In cartilage, type II collagen predominates (90-95%) in the formation of the extracellular
matrix. Other types of collagen (I, IV, V, VI, IX, and XI) contribute to the formation and stabilization of the type II collagen fibril
network [17]. The sequence of amino acids and covalent structures found in the molecule, as well as post-transcriptional modifications
in amino acid side chains by hydroxylation, glycosylation, and cross-linking, characterize the collagen structure [11]. The collagen
molecule has a trimetric nature, allowing combinations of pro-a chains. The triple-helix structure is a common feature in collagen,
which can vary its incidence from 96% for type I collagen to 10% for type XII collagen [4]. A single type of collagen can have multiple
isoforms and supramolecular structures with multiple achains, which increases the diversity of the existing family [4]. For example,
type I collagen is mostly a heterotrimer of two ol chains and one a2 chain, but it can also be a homotrimer of three al chains. Types II,
111, and VII are exclusively homotrimers whereas type IV has six different a chains available for combination and production of several
isoforms [15].

Besides the triple helix, the collagen family has two common characteristics: the repetition of amino acids [Gly — X-Y], with and
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Fig. 1. Chemical structure (A) and distribution of collagen in the body (B). The sequence of amino acids [Gly - X-Y],, with and without interruptions
is a characteristic of the collagen family and the amino acids proline and its hydroxylated form (hydroxyproline) occupy the X and Y positions. n:
number of times that this sequence appears in the protein structure. Created by the authors using BioRender.com.
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without interruptions, with the amino acids proline and its hydroxylated form (hydroxyproline) occupying the X and Y positions
(Fig. 1) [15].

2. Digestion and absorption of collagen

Similar to all proteins ingested as food or food supplement, when collagen is digested in the gastrointestinal tract, it releases amino
acids and peptides in the small intestine to be absorbed. The degradation of the polymeric structure of collagen is the first step of
digestion, and forms peptides, especially dipeptides, tripeptides, or free amino acids. Before the ingested components reach the blood,
they cross many barriers, such as enzymatic degradation and affinity for membrane transporters [18]. During digestion, several
proteases existing in the small intestine, such as the pancreatic protease, and peptidases are involved in the degradation of the
polymeric structure of proteins [10]. Possibly, the presence of proline and hydroxyproline in its structure is responsible for the for-
mation of bioactive peptides, since both provide resistance against the action of proteases, limiting hydrolysis [19]. The bio-
accessibility of amino acids and peptides in the intestine, their absorption rate and availability in the bloodstream define their
bioavailability for the regulation of metabolic processes in target tissues [20].

According to Daniel [21], protein digestion results in a huge variety and quantity of short-chain peptides (di- and tripeptides),
which are absorbed intact by the PEPT1 peptidyl carrier protein. Peptide transport is enantioselective, involving variable
proton-substrate stoichiometry for peptides with neutral, mono-, or polyvalent charge [21]. For many years, only amino acids, di-, and
tripeptides were believed to be absorbed in the intestine. However, as Urao [22] showed in his study a different pattern of intestinal
permeability for particles with different molecular weights, the literature currently presents different absorption mechanisms, showing
that oligopeptides can also be absorbed by passive diffusion across cell junctions [23]. According to Sibilla et al. [10], considerable
evidence shows that peptides can be absorbed, since Pro-Hyp is the main dipeptide found in human plasma after ingestion of hy-
drolyzed collagen.

Yazaki et al. [24] identified by chromatography 17 collagen-derived peptides in the serum of adults (31.5 + 6.5 years), especially
high levels of the Gly-Pro-Hyp tripeptide after seven days of daily consumption of 300 mg/kg of hydrolyzed collagen. A similar study
by Shigemura et al. [25] identified by chromatography peptides with hydroxyproline (Pro-Hyp) in blood after consumption of hy-
drolyzed collagen. Moreover, the authors showed the maximum concentration of collagen peptides in blood 2 h after oral ingestion,
with a subsequent decrease in serum concentration after this period. The maximum absorption data obtained by Shigemura et al. [25]
corroborate the study by Iwaia et al. [26], who found the maximum concentration of peptides one to 2 h after oral ingestion of hy-
drolyzed collagen, with the concentration decreasing by half after 4 h. These results confirm the resistance of proline and hydroxy-
proline to the action of proteases in the intestine.

3. Oral supplementation of hydrolyzed collagen in the treatment of skin changes

The skin is the largest organ in the human body and represents the main barrier to the external environment. Collagen, elastin, and
hyaluronic acid are the main components of the skin and play an important role in maintaining its structure and hydration. Skin
collagen is mainly produced by fibroblasts [10], which produce three components of the extracellular matrix of the dermis: collagen
fibers, elastic fibers, and proteoglycans. The collagen-rich extracellular matrix builds and repairs the structure of skin components and
collagen is the most abundant connective tissue in the dermis, besides being responsible for its strength and resilience [27,28].

However, individuals live under the constant influence of internal and external factors, which affect their aging process and some
factors contribute to damage or loss of skin functionality (Fig. 2). Solar and ultraviolet radiation, air pollution, tobacco smoke, poor
nutrition, and the use of cosmetic products are examples of external or environmental factors [29]. In turn, intrinsic changes occur due
to genetic determinants that differ between groups and different anatomical sites in the same individual.
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Fig. 2. Structure of young, health skin (A) and the effect of aging on its structure (B). The interaction between collagen and elastin guarantees skin
strength and elasticity, however, with aging or due to exposure to other extrinsic factors (nutrition, sun exposure, infrared radiation, visible light, air
pollution, for example), collagen production decreases, destabilizing this interaction and, consequently, reducing strength and skin elasticity.
Created by the authors using BioRender.com.
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According to Fensk [30], in the different layers of the skin, intrinsic aging causes structural and functional changes, making the skin
thinner and, thus, reducing its protective barrier function. Moreover, Rittié and Fisher [31] state that changes in the structure of type I
collagen (the most abundant structural protein in the skin) is a sign of a chronologically aged and photo-aged human skin and con-
tributes to a decrease in its resistance and, consequently, wrinkle formation. Aging leads to a decrease in both the number of collagen
bundles in the skin and their synthesis [32]. Lupu et al. [8] also suggest that these changes may contribute to increased skin flaccidity,
fragility, and dryness. Aging can also interfere with wound healing, skin pigmentation, vasculature, and immunity [31].

As aforementioned, several situations can lead to loss of collagen in the skin. Table 1, shows the beneficial effects of consuming oral
hydrolyzed collagen supplements on skin changes based on scientific research. According to Sibilla et al. [10], in the dermis, hy-
drolyzed collagen has a dual-action mechanism, either providing amino acids for the synthesis of endogenous collagen and elastin
fibers or stimulating the production of new collagen, elastin, and hyaluronic acid by bioactive peptides binding to fibroblast membrane
receptors. These data can be explained by histological evidence. Czakja et al. [41], in their study on hydrolyzed fish collagen sup-
plementation, showed by histological analysis changes in the skin structure with reduced solar elastosis and improved organization of
collagen fibers. Using another source of collagen extracted from fish (Pangasius hypophthalmus), Evans et al. [33] evaluated 85 women
aged 45-60 years in a 12-week randomized clinical trial. By administering 10 g of hydrolyzed collagen (Vinh Wellness Collagen, Vinh
Hoan Corporation), the authors observed improvement in skin elasticity, hydration, brightness, firmness, and the presence of wrinkles.

Choi et al. [42], after evaluating 11 randomized clinical trials in their systematic review, showed that the consumption of oral
hydrolyzed collagen supplement increases skin elasticity, hydration, and collagen density, improves wound healing, and protects the
skin against aging. Barati et al. [43], in their systematic review, analyzed 10 randomized clinical trials and concluded that the con-
sumption of both intact and hydrolyzed collagen improves clinical manifestations of skin health by either increasing the synthesis of
extracellular matrix or the interaction of regulatory T-cells and type 2 macrophages in maintaining the skin immune response to
endogenous collagen. De Miranda [44], in their systematic review and meta-analysis, corroborates the previous results, as the analysis
of 19 studies (1124 patients) showed that after 60-90 days of collagen consumption, skin elasticity and density increased and facial
wrinkles reduced. However, the authors observed a great heterogeneity between studies, especially regarding the type of collagen
used, treatment time, and dose.

Rustad et al. [45] highlights the importance of a critical evaluation of the literature, since the authors relate their results to studies
with small samples and a great variation in administered doses, consumption time, and types of products (different hydrolysis pro-
cesses generate different peptides). Moreover, conflict of interest is an essential issue, as many studies are funded by
collagen-producing industries. Collagen, as well as other nutritional supplements, acts as an adjuvant in the treatment. Therefore,
considering all the intrinsic and extrinsic factors that contribute to senescence, changes in lifestyle and environment are also important
for the prevention and treatment of skin changes.

Among the studies presented in Tables 1 and 2, the results regarding skin changes are associated with the consumption of bioactive
collagen peptides, since all studies used hydrolyzed collagen or peptides in their clinical trials and experimental protocols. Although

Table 1
Studies that used collagen supplementation in the treatment of dermatological changes.
Collagen Design  Population (n) Period Dose/ Result Reference
day
HC derived from fish (Pangasius T-RCT Women 45-60 years 12 10g |face wrinkles score; 1 elasticity, hydration, [33]
hypophthalmus) (45) weeks shine, and firmness
HC containing dipeptides (Pro-Hyp D-RCT Chinese healthy 8 25¢g 1 skin hydration; 1 facial skin elasticity; | [34]
and Hyp-Gly) women 37-48 years weeks facial skin roughness
(56)
HC had a low ratio of dipeptide-to- D-RCT Chinese women 35-55 8 5g 1 skin moisture; | wrinkles area; | roughness [35]
product content (L-CP) and a high years (85) weeks H-CP intake additionally | number of
ratio of dipeptide-to-product wrinkles; | wrinkle depth
content (H-CP)
CP with 15% tripeptide form S-RCT Healthy Korean 12 3g 1 stratum corneum hydration; < TEWL; 1 skin [36]
women and men weeks elasticity; < skin erythema and pigmentation
30-48 years (32)
CP of fish origin (PeptanF) and porcine ~ D-RCT Adult and middle-aged 8 10g 1 skin hydration [37]
origin (PeptanP) Japanese women weeks
40-59 years (33)
HC with peptides of various sizes of D-RCT Women 35-55 years 8 2.5-5 < between the two collagen dosages; « skin [38]
swine-origin of the brand (69) weeks g moisture and water evaporation; <
VERISOL@ smoothness of the skin; 1skin elasticity
HC containing more than 15% D-RCT Women 40-60 years 12 10g 1 hydration after 6 and 8 weeks of treatment; [39]
tripeptides, including 3% of Gly- (53) weeks | visual wrinkle after 12 weeks; 1 skin
Pro-Hyp. elasticity (general elasticity and liquid
elasticity) after 12 weeks
CP derived from fish scales D-RCT Healthy women 40-51 12 3.0¢g 1skin moisture; 1 elasticity (crude, liquid, and [40]
(NittaGelatin Inc., India) years (71) weeks biological elasticity); | roughness.

HC: hydrolyzed collagen; CP: collagen peptide; T-RCT: randomized, triple-blind and placebo controlled clinical trial; D-RCT: randomized, double-
blind and placebo controlled clinical trial; S-RCT: randomized, single-blind controlled clinical trial; 1: increase, |: decrease, «<: no difference;
TEWL: transepidermal water loss.
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the interest of men in the field of aesthetics has increased in recent years, all studies were carried out only with women, mostly aged
30-60 years, with a variation in treatment time (8-12 weeks) and administered dose (1-10 g/day). Thus, despite evidence that the
consumption of hydrolyzed collagen can help minimize skin changes, especially those associated with aging, no study presented
follow-up results, such as how long the changes last after 12 weeks of supplementation or the existence of any nutritional or physi-
ological damage to the chronic collagen consumption. These and other questions remain open and unanswered.

4. Oral supplementation of hydrolyzed collagen in the treatment of orthopedic alterations

The loss of collagen in osteoarticular tissues is a physiological phenomenon of multifactorial etiology and its intensification is
related to senescence, hormonal profile, adiposity, inflammatory processes, immobility, mechanical overload, and joint damage [52,
53]. Physical activity is regarded as a modifiable protective factor for the loss of collagen and many other comorbidities [54]. However,
factors inherent to physical exercise, such as contact, impact, repetitive strain, and joint overload, increase the chance of joint injuries
in active individuals [53].

Joints can be affected by several pathological conditions. Osteoarthritis is the most prevalent and can be characterized by slow and
gradual cartilage degradation and joint space narrowing. This condition can evolve over decades and pain and progressive loss of joint
function are the main symptoms [53,55]. Joint discomfort, usually associated with pain, reduces mobility and the ability to perform
routine tasks, directly affecting the individual’s quality of life, especially when it occurs in the hips, knees, and lower back [56].

Joint diseases have no effective cure, so current resources focus mainly on reducing pain, inflammation, and joint stiffness [55]. In
general, joint damage induces microlesions in connective tissue and reduce the ability of fibroblasts to synthesize new tissue (negative
nitrogen balance), creating a deficit in the renewal rate (catabolic processes predominate over anabolic processes) and leading to
degeneration of tissue matrix [53]. This deficit, along with joint biomechanical/functional stress, can induce an inflammatory
response, which, in turn, can worsen, ultimately evolving into the irreversible loss of joint functional capacity [57].

Collagen is a low biological value protein, since its amino acid composition is poor in essential amino acids. However, it has a
positive intrinsic value because its amino acid composition is equivalent to that of human connective tissue. Cartilage consists pri-
marily of the extracellular matrix, a network of proteins, such as type II collagen, interacting with polysaccharides, such as hyaluronic
acid and chondroitin sulfate—all synthesized and secreted by chondrocytes. During normal cartilage restoration (metabolism) in
healthy joints, the rate of extracellular matrix production balances with its degradation rate, ensuring homeostasis achieved by
continued cartilage restoration [58].

C-terminal cross-linked telopeptides of type II collagen (CTX-II) are one of the main cartilage degradation biomarkers. CTX-II levels
are high in patients with joint diseases, but also elevated by strenuous exercise, high-impact activities, high in postmenopausal women
and individuals with overweight/obesity [57-59].

Ruff et al. [57] found that the treatment with 0.5 g of hydrolyzed collagen from eggshell membrane significantly mitigated CTX-II
levels. Moreover, the consumption of hydrolyzed collagen caused a reducing effect on biomarkers of muscle damage, inflammation,

Table 2
Studies on the effect of consumption of hydrolyzed collagen in animal models.
Collagen  Animal Model Period Dose/day Result Reference
Type I - Male C57BL/6J mice 12 Standard feed plus Type I-H bovine (200 Da) ~ fcartilage area; Tchondrocytes; tproteoglycan [46]
H (0A) Weeks 3.8 mg or 38 mg matrix; |apoptosis; |MMP13 protein;
Isynovial hyperplasia and TnfmRNA;
linflammation
HC Three months of age 8 Standard diet formulated according to AIN tbone mass; tosteocalcin; tmechanical [471
female Wistar rat (OVA) Weeks 93-M plus 5 or 10 times the recommended strength of the vertebrae; {vertebrae protein
human consumption of HC calculated content
according to rat weight, dietary protein
content 13.15% and 14.30%
HFC Five-week-old male 11 Diet with 20% protein, 30% HC (1 KDa) or tbone mass; <>bone strength; 1 exercise effect [48]
Wistar rat in growth Weeks diet with 40% protein, 30% HC (1 KDa)
phase undergoing
exercises
CP Eight-week-old 12 Gavage 0.8 g/kg.bw or 1.6 g/kg.bw Atlantic ~ |serum IL-6 and IL-17; | cartilage IL-1pand [49]
maleSprague-Dawley rats ~ weeks salmon (Salmo salar) CP TNF-a; |cartilage degeneration
(0A)
HC Nine-week-old female 11 Gavage 2.0 g/kg.bw of fish scale HC | TEWL on days 2, 3, and 4 [50]
Hos:HR-1 hairless mice days
exposed to UV-B 7 Diet with 2 g of fish scale HC per 100 g of the | TEWL at weeks 4 and 6; 1 water content at
irradiation weeks AIN-93G diet weeks 2, 4, and 6; 1 skin elasticity at week 6; 1
dermal hyaluronic acid content
CTP Five-week-old female 14 Gavage 167 mg/kg/day or 333 mg/kg/day | wrinkle formation induced by UVB [51]
hairless mice (SKH-1) weeks irradiation; | collagenase (MMP3 and -13)

exposed to UV-B
irradiation

and gelatinase (MMP-2 and -9); | skinfold
thickness; 1 skin hydration; 1 collagen fibers
and hydroxyproline; 1 skin elasticity; |
erythema formation




Table 3
Studies with functional and biochemical changes induced by consumption of hydrolyzed collagen.
Collagen Design  Population (n) Period Dose/ Result Reference
day
HC D-RM Young men 19-29 years (24) 1 week 20g |pain; 1 muscle recovery (48 h after exercise); «p-CTX; <P1NP; <bone [62]
collagen inflammation and synthesis

BioCP D-RM Young athletes 18-30 years with knee discomfort during sport, 12 weeks 5g lpain related to physical activity; < pain at rest; <>mobility; | other [63]
both gender (139) medication options after BCP treatment

uc-II D-RM Adults 40-75 years with OA, both gender (186) 25 weeks + 5 04g |WOMAG; |pain; |stiffness; 1mobility; | VAS score; | LFI Score,< serum [64]

days markers and knee flexibility
HC (Biocell D-RCT Adults 40-70 years with OA, both gender (68) 10 weeks 2g Ipain (VAS score); |WOMAC; 1PA [65]
Collagen®)
Type II D-RCT  Adults 18-65 years with RA, both gender (454) 24 weeks 0.1 mg |pain; Jjoint stiffness; | number of tender and swollen joints; |HAQ [66]
SCP D-RCT Athletes 26.9 + 9.1 years with ankle instability, both gender (50) 24 weeks 5g 1 subjective ankle stability; | joint injuries over time; <ankle stiffness; [671
—feeding behavior

HC D-RM Caucasian adults 50 years or over with joint pain, both gender 24 weeks 12g «—pain; Tclinical response (VAS score) [68]
(144)

PCP and BCP D-RCT  Adults and middle-aged individuals 30-65 years diagnosed with 13 weeks 5g | WOMAC, VAS and QOL [69]
knee OA, both gender (30)

CP (Peptan D-RCT  Middle-aged to elderly individuals 50-75 years physically active, 12 weeks 10g « knee joint pain and knee function [70]

B2000®) both gender (167)

HC D-RCT  Young adults 20.1 + 1.47 years, physically active, both gender (72) 24 weeks 10g | joint pain; | use of alternative therapies [71]1

HC (Fortigel® D-RCT  Middle-aged to elderly individuals 49 years or older with mild to 48 weeks 10g TdGEMRIC score in medial and lateral tibial cartilage regions [72]
moderate severity knee OA (29)

HC (Colnatur®’ RCT Middle-aged to elderly individuals 48-70 years with light 6 months 10g | VAS for knee pain; | WOMAC pain score [73]

symptomatology OA (207)
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and apoptosis [46,60]. However, for Konig et al. [61] and Clifford et al. [62], CTX-I and B-CTX levels remained unchanged after
treatment with hydrolyzed collagen.

Despite this, evidence supporting the idea of consuming hydrolyzed collagen to reduce joint pain has been increasing (Table 3). The
popularization of studies on pain reduction is mainly related to the easy application and low cost use of the visual pain scale, making its
implementation possible in a large number of studies. Furthermore, its self-applied results are similar to those obtained by experts
[63].

Most interventional clinical studies show significant pain reduction compared with placebo/control groups [57,62-66,74,75] and
improved joint stiffness/mobility, both immediate [56,57,64,66] and for joint stability and recovery [67], except for the studies by
Bruyere et al. [68], who observed no significant differences between groups, and Lopez, Ziegenfuss, and Park [60], who found an
increase in pain in the intervention group and a reduction in the circulation of damage markers. Notably, the perception of pain can be
hyperactivated by pro-inflammatory cytokines [57]. Furthermore, the reduction of muscle damage corroborates the findings of
Clifford et al. [62], who found better muscle recovery resulting from the consumption of hydrolyzed collagen.

Traditionally, delayed onset muscle soreness is explained by myogenic factors, however, the interest in understanding the role of
injury for other extramuscular connective tissue elements (such as extracellular matrix, basal lamina, types I, III, IV, and VI collagen,
proteoglycans/glycosaminoglycans, muscular layers, and tendons) in delayed onset muscle soreness has been increasing [60]. The
perception of musculoskeletal pain limits the performance of repetitive activities, reduces range of motion, and decreases strength
production [57,62].

Reduced pain and increased joint functional capacity improve functionality indices (Table 2). Several collagen intervention models
showed a significant reduction in the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC index) and other
indices [64,65,74-76]. However, Hewlings, Kalman, and Schneider [56]found no significant changes in functional tests.

Besides functional aspects, collagen consumption positively influences the entire osteoarticular structure (Table 2; Table 4).
Collagen peptides have shown a positive effect on bone strength and mineral density, supporting the idea of effectiveness for diseases
that debilitate these structures, such as osteoporosis. Human and animal studies have observed increased bone mineral density [61,81,
82], bone mass [47,48], and cartilage volume, besides a higher number of chondrocytes [46]. Collagen consumption in the growth
phase can help bone formation [81] and increases muscle mass, strength, and motor control [77-80].

However, the effects of hydrolyzed collagen depend on the concentration, experimental conditions, and characteristics of the
hydrolysates tested [63,82]. In the studies analyzed native collagen was used as an oral tolerance protocol, seeking to reduce the
inflammatory response to collagen compounds in a scenario where consumption by itself leads to an inflammatory response. The doses
of native collagen were small (0.01-0.0001 g/day) but effectively generated positive results in functional and biomolecular aspects
(Table 3). Studies with larger amounts of collagen hydrolysates (2-20 g) aimed to induce an anabolic response of osteoarticular tissues
(Table 3; Table 4). The anabolic effect can counteract the wear processes of cartilage tissue and, thus, the decreased degradation of the
extracellular matrix could reduce pro-inflammatory and pain-stimulating processes. Moreover, a direct anti-inflammatory potential of
collagen peptides can decrease joint pain intensity, since collagen peptide supplementation inhibits glycine-mediated cytokine release
[63].

Despite the evident benefits of collagen consumption, studies present several relevant differences that deserve further discussion,
such as the type of collagen used, dose, and the optimal time for consumption. These variations in experimental protocols (target
population, sex, dose, duration of treatment, presence, or absence of orthopedic alterations) contribute to the lack of agreement on the
observed results. Furthermore, a better understanding of the physiological mechanisms that promote these benefits is still required
[20]. Therefore, considering the positive effect of collagen consumption on joint diseases and physiology and the wide variety of
intervention protocols, future clinical studies should better address guidelines regarding the optimal dose for consumption, the type of
collagen, and duration of intervention.

Table 4
Studies with changes in body composition induced by consumption of hydrolyzed collagen.
Collagen  Design  Population (n) Period Dose/ Result Reference
day
SCP D-RCT  Postmenopausal women 64.3 + 7.2 years 48 5g 1BMD of the spine and femoral neck; 1P1NP [61]
(102) weeks
SCP D-RCT Pre-menopausal women 29-48 years (77) 12 15g tmuscle mass; 1 hand pressure strength; |FM; 1 leg [771
weeks strength gain
CP D-RCT  Recreationally active young men 24 + 3 12 15g tmuscle mass; {strength; <fCSA [78]
years (57) weeks
CP D-RCT Young men 24.2 + 2.6 years (25) 12 15g tmuscle mass; Tstrength; 1body mass; 1 proteins [79]
weeks related to contractile fibers
CP D-RCT  Elderly people 72.2 + 4.7 years with 12 15¢g tmuscle mass; 11QS; tmuscle strength; 1 loss of FM [80]
sarcopenia (53) weeks

1:increase; |: decrease; <: no difference; D-RCT: randomized, double-blind clinical trial; CP: collagen peptides; SCP: specific collagen peptides; BMD:
bone mineral density; P1NP: terminal propeptides of type 1 pro-collagen phosphatase; PINP: amino-terminal propeptide of type I collagen; FM: Fat
mass; IQS: isokinetic quadriceps strength; fCSA: muscle fiber cross-sectional area.
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5. Conclusion

The loss of collagen can be influenced by intrinsic factors, such as genetics, or extrinsic factors, such as nutrition, sun exposure,
infrared radiation, visible light, air pollution, and strenuous physical activity. The loss of collagen in osteoarticular tissues and skin is
related to senescence, hormonal profile, adiposity, inflammatory processes, immobility, mechanical overload, and joint damage. The
literature shows that collagen supplementation can be beneficial in the treatment of skin changes, reducing wrinkles; increasing skin
elasticity, hydration, firmness, and brightness; decreasing pores and solar elastosis; and increased collagen synthesis density and skin
content. The use of collagen in the treatment of orthopedic alterations increases bone strength, density, and mineral mass; decreases
extracellular matrix degradation; inhibits inflammatory cytokines; improves joint stability, functional capacity, and stiffness/mobility,
and muscle recovery; reduces pain; and mitigates markers of joint cartilage degradation. These results show the economic and health-
promoting potential of this product extracted from food industry by-products. We emphasize that future studies should address
remaining gaps regarding signaling pathways and obtain bioactive peptides from intact collagen for health promotion.
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1: increase; |: decrease; <: no difference; HC: hydrolyzed collagen; type I - H: hydrolyzed type 1 collagen; HFC: hydrolyzed fish
collagen; CP: collagen peptides; CTP: collagen tripeptide; OA: osteoarthritis model; OVA: ovariectomy; bw: body weight; Tnf-o mRNA
(Tumor Necrosis Factor - Messenger ribonucleic acid); MMP13 protein: matrix metallopeptidase 13 protein; AIN 93-M: American
Institute of Nutrition; TEWL: transepidermal water loss; IL-6: interleukin-6. IL-7: interleukin-17; IL-1p: interleukin-1p.

1: increase; |: decrease; < no difference. Type II: type II collagen; HC: hydrolyzed collagen; SCP: specific collagen peptides; UC-II:
undenatured type II collagen; BioCP: bioactive collagen peptides; PCP: pork skin collagen peptide; BCP: bovine bone collagen peptide;
RCT: randomized clinical trial; S-RCT: randomized; D-RCT: randomized, double-blind clinical trial; D-RM: double-blind randomized
multicenter study; RA: rheumatoid arthritis; OA: osteoarthritis; HAQ: health assessment questionnaire; VAS: visual analogical scale;
WOMAC: Western Ontario and Mc Master Universities Osteoarthritis Index; LFI: Lequesne Functional Index, PA: physical activities;
PINP: terminal propeptides of type 1 pro-collagen, p-CTX: C-terminal telopeptide of type 1 collagen; QOL: quality of life scores;
dGEMRIC: delayed gadolinium enhanced MRI of cartilage.
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