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Background: Chronic photoexposure and aging uncouple dermal matrix homeostasis via 
reduced procollagen synthesis and increased MMPs, creating an "inflammaging" state 
that collapses fibroblast structure. Modern collagen therapies now act as active reparative 
agents. 
Objective: This review synthesizes translational evidence on topical, injectable, and oral 
collagen strategies for skin rejuvenation. 
Methods: High-level evidence (systematic reviews, meta-analyses, RCTs) was evaluated 
for molecular mechanisms and clinical outcomes. 
Results: Topical low-molecular-weight peptides (<3–5 kDa) bypass the stratum 
corneum, triggering paracrine signaling and hyaluronic acid upregulation (SMD 0.62 for 
hydration). Injectable recombinant human collagen (rhCollagen) eliminates xenogeneic 
immunogenicity; cross-linked or hybrid hydrogels with hyaluronic acid extend durability 
to 9–12 months and induce host neo-collagenesis. Orally, bioactive di-/tri-peptides (Pro-
Hyp, Hyp-Gly) are absorbed via PepT1, achieving cutaneous accumulation for 96 hours, 
with Level-1 efficacy (hydration SMD 0.85; elasticity SMD 0.70). 
Conclusion: Evidence-based collagen modalities effectively modulate the aging dermal 
microenvironment. Future directions include personalized nutrigenomics and smart 
MMP-responsive hydrogels. 
Keywords: collagen peptides; skin rejuvenation; matrix metalloproteinases (MMPs); 
recombinant human collagen; inflammaging 
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Introduction 

Beyond its traditional role as the scaffolding of the 

dermis, collagen and its degraded fragments operate 

as vital biochemical messengers that govern tissue 

repair dynamics [1,2]. In the context of cutaneous 

aging and chronic photoexposure, the dermal mi-

croenvironment exhibits distinct molecular changes 

that closely mirror the biology of chronic, non-

healing wounds [3,4]. This state is primarily driven 

by an uncoupling of matrix synthesis, where a 

marked downregulation of procollagen production 

occurs alongside a reciprocal rise in matrix metallo-

proteinases (MMPs) [3,4]. 

Crucially, this persistent imbalance sustains a mi-

croenvironment of low-grade, chronic tissue dis-

tress, a phenomenon increasingly recognized in 

clinical dermatology as "inflammaging" [5,6]. Un-

der these conditions, localized oxidative stress and 

pro-inflammatory cytokine signaling disrupt normal 

homeostatic pathways, making it difficult for the 

structural extracellular matrix (ECM) to stabilize 

[7,8]. Recognizing this ongoing inflammatory state 

shifts our clinical approach.  
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 Dermal Extracellular Matrix Dynamics and Fi-

broblast Collapse 

The mechanical integrity of young skin depends on 

a continuous feedback loop between fibroblasts and 

the surrounding ECM. In healthy tissue, fibroblasts 

maintain a stretched, elongated morphology due to 

physical attachment points on intact collagen fibers. 

This mechanical tension acts as a critical physiologi-

cal signal, instructing the cell to synthesize fresh 

procollagen [4,6]. However, as chronological aging 

advances and UV exposure accumulates, this vital struc-

tural support degrades [2]. The subsequent cellular de-

cline follows a predictable cascade in figure 1. 

 

Figure 1: This self‑perpetuating cycle  

Interrupting this self-perpetuating cycle requires 

therapeutic interventions capable of delivering spe-

cific, targeted matrix signals [1]. When native colla-

gen undergo enzymatic cleavage, hidden molecular 

sequences known as matricryptic sites—such as the 

arginine-glycine-aspartic acid (RGD) motif—

become exposed to the cellular environment [10,11]. 

Concurrently, low-molecular-weight, collagen-

derived fragments like the dipeptide proline-

hydroxyproline (Pro-Hyp) cross the cell membrane 

to serve as active signaling molecules [12]. By bind-

ing directly to surface integrin receptors ($\alpha_2

\beta_1$), these fragments simulate a localized tis-

sue injury response [10]. This metabolic feedback 

essentially tricks collapsed, dormant fibroblasts into 

downregulating degradative MMPs, restoring their 

structural morphology, and reinitiating the synthesis 

of native Type I and Type III procollagen [6,12]. 

 Topical Hydrolyzed Collagen and Peptide Sig-

naling 

The utilization of topical collagen remains a subject 

of intense discussion due to fundamental biological 

barriers. Because native collagen molecules are 

large triple-helix structures (~300 kDa), they are 

strictly prevented from traversing the stratum 

corneum by the 500-Dalton rule [13,14]. Conse-

quently, passive diffusion of standard hydrolyzed 

collagen yields minimal penetration, with less than 

1% reaching the viable epidermis. The immediate 

aesthetic improvements seen with conventional topi-

cal formulations are almost entirely driven by the 

formation of a surface-level hygroscopic film that 

reduces transepidermal water loss (TEWL) [14,15]. 

Feature Topical Injectable Oral 

Active Form Peptides <3-5 kDa + enhancers rhCollagen + HA hybrid Pro-Hyp / Hyp-Gly 

Key Mechanism Paracrine signaling → ↑HAS2 Direct volume + fibroblast stretch PepT1 absorption → skin accu-

mulation (96h) 

Proven Effect (SMD) Hydration: 0.62 Duration: 9-12 months Hydration: 0.85 | Elasticity: 0.70 

Regimen Daily (continuous) Single session / 12-18 months Loading: 8-12 wk | Maintenance: 

continuous 

Main Advantage OTC, low cost Immediate & long-lasting Systemic, easy to use 

 Main Limitation <1% penetration without enhancers High cost Wash-out in 12-24 wk 

Table 1: Three Collagen-Based Strategies for Skin Rejuvenation 
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To achieve meaningful biological outcomes, topical 

strategies must implement advanced delivery meth-

ods. Utilizing penetration enhancers, liposomal en-

capsulation, or physical modalities like fractional 

microneedling allows these low-molecular-weight 

peptides (<3–5 kDa) to bypass the lipid barrier 

[16,17]. Once inside the viable layers, these frag-

ments initiate paracrine signaling networks within 

superficial epidermal keratinocytes [18]. This local-

ized cellular response triggers a secondary cascade 

that stimulates deeper dermal fibroblasts to upregu-

late hyaluronic acid synthases (HAS2). This distinct 

signaling mechanism explains why recent meta-

analyses of controlled trials show a clear standard-

ized mean difference (SMD) of 0.62 for deep skin 

hydration and improved wrinkle topography [19]. 

Beyond routine anti-aging maintenance, these topical 

signaling pathways are highly useful in post-

procedure recovery. Clinical evaluations using split-

face designs demonstrate that applying hydrolyzed 

collagen or synthetic collagen-mimetic peptides im-

mediately after fractional $\text{CO}_2$ laser resur-

facing or deep chemical peels significantly reduces 

downtime. This intervention accelerates barrier re-

pair, curtails persistent erythema, and dampens post-

inflammatory hyperpigmentation by providing im-

mediate surrogate matrix cues while native dermal 

cells reorganize [24,25]. 

Injectable Collagen and the Recombinant Revolution 

Injectable biomaterials offer a direct clinical ap-

proach by providing immediate physical volume 

alongside sustained cellular biostimulation [26]. Ear-

ly clinical options utilized bovine-derived collagen 

(Zyderm®, Zyplast®), which carried a 1–3% risk of 

hypersensitivity and required mandatory double-skin 

allergy testing prior to treatment [27,28]. The field 

has largely overcome these challenges by moving 

toward Recombinant Human Collagen (rhCollagen) 

[29,30]. Produced via precise yeast fermentation 

platforms using Pichia pastoris, rhCollagen possess-

es a molecular structure identical to human genetic 

sequences. This advancement completely removes 

the risk of xenogeneic prion transmission and avoids 

immunogenic telopeptide reactions [29,30]. 

Despite these immunological benefits, early rhColla-

gen hydrogels suffered from rapid enzymatic clear-

ance. Without structural modifications, they typically  

Figure 2:  The self-perpetuating cycle of dermal aging  

resorbed within 2 to 4 months due to standard host 

MMP activity, creating a significant limitation when 

compared to cross-linked hyaluronic acid (HA) fill-

ers [31,32]. To address this longevity issue, modern 

material science employs two core strategies [33]: 

Advanced Chemical Cross-linking 

Introducing biocompatible cross-linking agents es-

tablishes stable covalent bonds within the biomateri-

al's architecture [34]. These chemical bridges create 

physical steric hindrance, protecting the recombinant 

triple helix from rapid enzymatic degradation by lo-

cal collagenases while fully preserving the cell-

binding domains needed for fibroblast attachment 

[35]. 

Hybrid Collagen-HA Hydrogels 

Combining non-crosslinked rhCollagen with a mo-

nophasic hyaluronic acid matrix represents a major 

step forward in aesthetic medicine [32]. In these hy-

brid systems, the highly hydrophilic HA provides 

immediate structural volume and creates a protective 

microenvironment [34]. This complex framework 

physically restricts local collagenase access, extend-

ing the clinical survival of the implant to 9–12 
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months while giving the rhCollagen ample time to 

induce local, host-derived neo-collagenesis [31]. 

Oral Bioactive Collagen Peptides: Systemic Absorp-

tion and Dosing Regimens 

 

 

Figure 3: The biphasic dosing protocol of oral collagen pep-

tides  

The clinical status of oral collagen supplementation 

has shifted dramatically. Once casually dismissed as 

an inefficient protein source destined for complete 

digestive breakdown into random amino acids, it is 

now supported by level-1 clinical evidence [37,38]. 

A comprehensive meta-analysis by Pu et al., review-

ing 26 randomized controlled trials ($n=1,721$), 

confirmed clear systemic outcomes, showing an 

SMD of 0.85 for skin hydration and 0.70 for cutane-

ous elasticity [43]. 

This systemic bioavailability is mediated by the spe-

cific enterocyte transporter PepT1 located in the 

small intestine [38]. Unlike generic dietary proteins, 

hydrolyzed collagen yields a resilient fraction of 

small peptides—predominantly Pro-Hyp and Hyp-

Gly—that resist degradation by circulating plasma 

proteases [39,40]. These intact di- and tri-peptides 

enter the systemic circulation, travel through dermal 

blood vessels, and actively accumulate in cutaneous 

tissue for up to 96 hours [39,41]. Upon reaching the 

dermis, they do not merely serve as passive structur-

al building blocks. Instead, they act as active chemi-

cal ligands that bind directly to fibroblast surface 

receptors, stimulating new matrix synthesis [40,42]. 

To optimize these regenerative pathways, patients 

should follow a structured, phased dosing protocol 

[45,46]: 

Clinical Note on Cycling: Long-term monitoring in-

dicates that when oral supplementation is completely 

stopped, dermal hydration and viscoelastic measure-

ments gradually return to pre-treatment baselines 

within 12 to 24 weeks [46,47]. This clear wash-out 

period occurs because removing the exogenous sig-

naling stimulus allows the underlying 

"inflammaging" environment to resume control over 

tissue homeostasis [3,5]. Consequently, a continu-

ous, low-dose maintenance strategy is clinically 

preferable to intermittent treatment cycles [47]. Fur-

thermore, this systemic therapy shows clear additive 

benefits when combined with targeted micronutri-

ents. Co-administering Vitamin C is particularly use-

ful, as it serves as an indispensable cofactor for the 

prolyl hydroxylase enzyme, ensuring that newly 

stimulated fibroblasts can successfully stabilize their 

synthesized procollagen triple helices [48,49]. 

 

Figure 4:Meta‑analytic effect sizes for skin hydration 

and elasticity  

Formulation Integrity, Consumer Safety, and Fu-

ture Directions 

The widespread expansion of the commercial colla-

gen market requires clinicians to exercise strict over-

sight regarding product quality and safety. Independ-

ent laboratory analyses of retail products frequently 

reveal significant manufacturing deficiencies. Ap-

proximately 30% of assessed collagen supplements 

fail basic label accuracy checks, usually by provid-

ing significantly lower peptide concentrations than 

advertised [59]. More critically, roughly 12% of 

commercial formulations show detectable levels of 

heavy metal contamination, particularly cadmium 

and arsenic, which typically traces back to poor raw 

material sourcing from contaminated marine or bo-

vine skeletal tissues [59,60]. Therefore, directing 
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patients toward verified, third-party certified prod-

ucts (such as those tested by NSF, USP, or the 

Clean Label Project) is an essential requirement 

for minimizing clinical risk [60]. 

Looking forward, the clinical deployment of colla-

gen biomaterials is moving toward high-precision 

medicine and responsive therapeutics. 

The field is actively transitioning away from ge-

neric, one-size-fits-all recommendations toward 

personalized nutrigenomics. This approach in-

volves mapping a patient's baseline matrix degra-

dation tendencies before choosing a therapy. For 

instance, individuals who carry the MMP1 2G/2G 

promoter polymorphism naturally exhibit elevated 

collagenase expression and require higher defen-

sive peptide doses to maintain dermal structural 

integrity [65,66]. Parallel to these genetic proto-

cols, biomaterial engineers are developing smart, 

MMP-responsive hydrogels [63]. These advanced 

matrices remain structurally dormant until a local-

ized spike in MMP activity or UV-induced inflam-

mation occurs. The physical tissue change triggers 

a controlled degradation of the gel, releasing a tar-

geted burst of collagen-mimetic sequences exactly 

when and where the matrix requires structural res-

cue [63,64]. This bio-responsive framework suc-

cessfully moves aesthetic dermatology into the 

realm of proactive, smart regenerative medicine. 

Conclusions 

The clinical deployment of collagen has evolved 

far beyond the historical approach of passive struc-

tural replacement, re-establishing itself as a dy-

namic discipline centered on precise cellular sig-

naling [1,4]. Whether utilizing optimized topical 

systems that drive epidermal-dermal paracrine net-

works [18,19], deploying advanced recombinant 

human injectables that avoid traditional longevity 

and immunogenicity constraints [29,31], or pre-

scribing bioavailable oral peptides that systemical-

ly target cutaneous tissues [39,43], modern colla-

gen strategies function as precise interventions in 

reparative medicine. By actively interrupting the 

chronic, proteolytic cycle of dermal matrix break-

down and inflammaging [3,8], these evidence-

based modalities give clinicians the practical tools 

needed to modify the cutaneous microenvironment 

directly [6,9]. Ultimate success in this field will 

increasingly depend on matching these advanced 

biomaterials with distinct patient genetic profiles, 

transforming aesthetic medicine from a general-

ized cosmetic protocol into a highly refined, per-

sonalized therapeutic science [65]. 
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