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Abstract
Introduction: Hyaluronic acid (HA) plays an important role in cellular and extracellular 
matrix (ECM) homeostasis. Recent studies demonstrate that low molecular weight 
(MW) HA has pro-inflammatory characteristics while high MW HA is considered anti-
inflammatory and regenerative. In formulating a topical HA product, the possibility of 
creating a focused high MW HA technology was posed, combining external surface 
high MW HA constituents with active agents promoting fibroblast production of high 
MW in the depths of the dermis.
Methods: Human dermal fibroblasts and keratinocytes were treated with various 
agents, and RNA sequencing (RNA-seq) was conducted to identify genes involved in 
HA synthesis. HA production by fibroblasts was assessed by collecting the culture su-
pernatant, concentrating the protein, and conducting polyacrylamide gel electropho-
resis (PAGE). The gel was stained with Stains-All to identify bands relative to known 
HA products of different MWs. Subsequently, the supernatants were treated with 
hyaluronidase to confirm the bands corresponded to HA.
Results: The RNA-seq results revealed a variety of agents upregulated HA-related 
genes. However, a potent upregulation of HA synthesis gene was observed by hexa-
peptide-11 in the keratinocytes and a newly identified proprietary octapeptide in the 
fibroblasts. PAGE demonstrated not only robust production of HA by octapeptide, 
but significantly, the HA produced was ~2 Mega Daltons in size. Octapeptide was the 
most potent stimulator among the tested agents.
Conclusion: Comprehensive in vitro testing identified a group of active agents that 
stimulated high MW HA production. This novel approach to HA topical application 
with exclusively high MW HA production should maximize hydration capacity while 
encouraging regenerative activity within the ECM. Multi-center trials are underway.
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1  |  INTRODUC TION

Hyaluronic acid (HA) plays an important role in cell turnover, me-
tabolism, movement and differentiation, tissue repair, hydration, 
nutrient exchange, and protection against free radical damage.1 Its 
maximum size reaches 107 Da. At the body's pH, it is one of the most 
highly charged molecules in biology, which provides HA with some 
of its unique qualities. A large body of water surrounds the mole-
cule attempting to neutralize that negative charge and increasing 
the original volume by 1000–10  000 times.1 It is this quality that 
provides the hydrating function of HA, promoting the expansion of 
tissues thus opening spaces for cell movement. Because water mol-
ecules surround HA, the charges repel each other, thereby causing 
its “slippery” viscosity and ability to hold shape.1

Considering the biology of HA, it is dynamic and rapid. A 70 kg 
individual has approximately 15 g of HA, 50% of which is skin associ-
ated. Remarkably, a third of total HA turns over daily. HA is reported 
to decrease with aging, but HA content, in fact, remains constant 
with age. The difference is that the HA becomes increasingly tis-
sue bound and more resistant to extraction. This HA encased within 
tissue proteins may be limited in its hydrating capacity.1 In the skin, 
HA is located and produced in both the dermis and epidermis, with 
the greater proportion residing in the dermis. Epidermal HA is more 
loosely associated and is more easily extracted from tissue. Skin HA 
has a very rapid turnover, with a half-life of 1–2 days in the epidermis. 
The turnover rate in the dermis is similar, with catabolism occurring 
in the liver and lymph nodes, following lymphatic drainage.1 In the 
basal layer, HA is predominantly intracellular and involved in mitotic 
events, while extracellular HA in the upper layers of the epidermis 
is involved in barrier disassociation and the sloughing of cells. The 
HA-bound water in both the dermis and the epidermis is critical for 
skin hydration.1 The most predominant receptor for HA is CD44.2

Many topical preparations use combinations of high and low mo-
lecular weight (MW) HA to promote skin hydration. However, in the 
wound-healing literature low MW HA is known to be pro-inflammatory 
and could be problematic when treating the skin.3,4 Low molecular 
weight HA promotes the production of inflammatory mediators, in-
cluding nitric oxide synthase 2 (nos2), tumor necrosis factor (TNF), 
interleukin 12 (IL12b), and cluster of differentiation-80 (CD80).4 High 
MW HA inhibits the production of pro-inflammatory mediators.4 High 
MW HA (>106 Da) is considered a sign of normal healthy tissues, while 
fragmented HA is a reflection of tissues under stress.1 There is an in-
trinsic need to ensure that all HA formulatory materials do not contain 
short HA chains that could stimulate an inflammatory response, thus 
limiting regenerative functions.1 However, even though high MW HA is 
very efficient in treating the skin surface, it cannot penetrate the skin 
depth to the dermis. Therefore, in designing a topical HA product, we 
sought to combine a high MW HA to work on the surface together with 
agents that stimulate dermal fibroblasts to produce higher MW HA in 
the depths of the skin. We have identified such actives that do just that.

Optimization of delivery and biological effect was achieved by 
combining the studied compounds described below. Incorporating 
these actives with a liposome system ensure effective delivery of 
select actives.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

Human adult dermal fibroblasts and keratinocytes were purchased 
from ZenBio (Durham, NC) and cultured in fibroblast and keratino-
cyte media, respectively (ZenBio). The cells were plated in 6-well 
or 48-well plates (Greiner) depending on the assay. The cells were 
maintained at 37°C in a 5% CO2 incubator.

2.2  |  Cell treatments for RNA-seq

The fibroblasts and keratinocytes were seeded into 48-well plates 
and left to adhere for 48  h. Then, the cells were exposed to the 
following compounds for 24 h: Lactoferrin (500 μg/ml), TCVRRAF 
(100 μg/ml) (amino acid sequence extracted from Lactoferrin), Tri-
peptide-1 –100 ppm (2.9 μg/ml), Hexapeptide 12, 100 ppm (2.9 μg/
ml), TriHex combination 200 ppm (2.9 μg/ml each), Hexapeptide 11 
(100 μg/ml), Tranexamic acid 5% (500 μg/ml), Octapeptide (100 μg/
ml)—proprietary peptide designed by R&D at Alastin (Alastin …a 
Galderma Company), Phosphatidylserine 500 μg/ml, or Cannabidiol 
(CBD) 100  μg/ml. The control cells were left untreated. The com-
pounds were resuspended in the appropriate vehicle at pre-
determined concentrations.

2.3  |  RNA lysate preparation

After 24 h of compound exposure, the media was removed, the cells 
were washed 1× with phosphate-buffered saline (PBS). A total of 
100ul of RNA lysis buffer (Takara Bio Cat Num 635013, “10× RNA 
lysis buffer,” diluted to 1×) were added to the well and mixed thor-
oughly by trituration. The slurry was added to an RNAse-free micro-
centrifuge tube and immediately frozen at −30°C.

2.4  |  RNA-seq

All the RNA samples were shipped frozen on dry ice to MedGenome 
(Foster City, CA) for RNA extraction, library construction and se-
quencing to 25 M paired end 100bp reads per sample. Differentially 
expressed genes were identified, and pathway enrichment was as-
sessed using the reactome pathway.5

2.5  |  Selection of agents for HA production and 
size assessment in vitro

Using agents identified by RNA-seq as novel HA production stimu-
lants in the fibroblasts, together with other active agents previ-
ously determined to stimulate HA production, the production of 
HA by fibroblasts was confirmed and the MW/size of the pro-
duced HA was determined. The components selected are shown in 
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Table 1. The rationale for the selection of these agents is described 
here.

•	 Octapeptide (proprietary peptide)—upregulates Hyaluronic Acid 
Synthase-2 (HAS2) gene expression in fibroblasts (based on our 
RNA-seq data)

•	 Lactoferrin—has wound-healing attributes, promotes fibroblast 
proliferation, and increases HA secretion6,7

•	 Syn-Hycan—synthetic tripeptide that stimulates HA. Published 
evidence suggests that a synthetic tripeptide tetradecyl amino-
butyroylvalylaminobutyric urea trifluoroacetate restores facial 
skin volume by stimulating HA synthesis.8 Syn-Hycan increases 
HA and CD44 in the skin in vitro and ex vivo.8

•	 Phosphatidylserine—promotes HA synthesis.9

•	 Sodium Hyaluronate Crosspolymer (Hyalasome)—extremely high 
MW synthetic HA with exceptionally high water-binding capacity 
resulting in excellent moisturizing abilities.10

•	 Tremella fuciformis extract derived from an edible mushroom—
provides high levels of moisture from as a natural HA stimulant 
and has antioxidant properties11,12

•	 Hydroxymethoxyphenyl decanone—HA booster, antioxidant, and 
anti-irritant. It has been demonstrated to stimulate the dermal 
and epidermal hyaluronic acid levels by 259% and 198% versus 
placebo, respectively, in an ex vivo human skin model.13

•	 Hexapeptide-11—upregulates HAS2 and potently downregulates 
HA reducing enzyme hyaluronidase 2 (HYAL2) in keratinocytes 
(based on our RNA-seq data)

2.6  |  HA production and size assessment in vitro

Fibroblasts were cultured as described above until near confluence 
in 6-well plates. Then, the cells were treated with the compounds 
shown in Table 1. After 72 h, 100μl of media was collected from each 
treatment condition. The media was concentrated in a SpeedVac 
concentrator to a final volume of ~10μl. All 10 μl from each condi-
tion was loaded onto an acrylamide gel (NuPAGE 4%–12% Bis-Tris 
Protein Gel; Invitrogen). Sodium Hyaluronate, Research Grade, 

(HA2  M) from Lifecore Biomedical was reconstituted as recom-
mended by the manufacturer and served as a MW reference, rep-
resenting high MW HA. The gel was run at 200 V for 3 h. Gel buffer 
was exchanged with fresh room temperature buffer every 20 min 
to avoid overheating. The gel was stained using Stains-All (Millipore 
Sigma) and destained according to the manufacturer's protocol. A 
band running at the same size of the HA2 M band indicated the pro-
duction of high MW HA.

2.6.1  |  Confirmation of HA

Fibroblasts were cultured as described above until near confluence 
in 6-well plates. Then, the cells were treated with the compounds 
shown in Table  1. After 72  h, 100μl of media was collected from 
each treatment condition. The media was then subjected to hyalu-
ronidase enzyme treatment (1 mg/ml) at 37°C for 2 h. One condi-
tion was left non-digested (octapeptide at 100 μg/ml). The samples 
were run on the acrylamide gel, stained, and destained as described 
above. The absence of the band after digestion indicated that the 
band identified in the prior step was HA.

3  |  RESULTS

3.1  |  RNA-seq reveals 2 peptides that regulate HA 
gene expression

Examination of the differentially expressed genes from the fibroblast 
RNA-seq analysis revealed that HAS2 was significantly upregulated 
by Octapeptide (Octa) (Figure 1). For the keratinocytes, hexapeptide 
11 (Hex11) also upregulated HAS2 and showed a potent downregu-
lation of HYAL2 (Figure 2A,B). The early growth response 3 (EGR3) 
gene was also upregulated in keratinocytes treated with Hex11 
(Figure 3). EGR3 is a transcription factor specifically present in the 
granular layer of the epidermis and is the gene that is responsible 
for the formation of the skin barrier.14 Selectively increasing EGR3 
expression in keratinocytes strengthens the skin barrier.14

Compound Concentration

1 Octapeptide 100 µg/ml

2 Lactoferrin 500 µg/ml

3 SynHycan 500 µg/ml

4 Phosphatidylserine 500 µg/ml

5 Hyalasome 500 µg/ml

6 Tremella 500 µg/ml

7 Hydroxymethoxphenly decanone 250 µg/ml

8 Aquaxyl 500 µg/ml

9 Mix of all compounds 12.5% of the above concentrations

10 Mix of all compounds 40% of the above concentrations

11 No treatment

TA B L E  1  Compounds used to treat 
fibroblasts for HA production assessment 
by PAGE
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3.2  |  Assessing fibroblast HA production and size 
in vitro

Determining whether a compound stimulates fibroblasts to secrete 
HA is important. Thus, based on our RNA-seq data, we treated fi-
broblasts with Octa and other compounds, including Lactoferrin, 
SynHycan, Phosphatidylserine, Hyalasome, Tremella, Symdecanox, 
Aquaxyl, or a combination of all of these, as described in the meth-
ods. Then, we assessed HA production. All the treatments stimu-
lated high MW HA (~2 MegaDaltons (MDa)) secretion (Figure 4).

Furthermore, the presence of HA was validated by digesting the 
fibroblast-derived supernatants with hyaluronidase and observing 
the disappearance of the bands (Figure 5).

Importantly, Octapeptide alone induced the strongest HA band. 
Thus, we examined it at 2 doses and revealed a dose-dependent in-
crease (Figure 6). Thus, these compounds are major stimulators of 
high MW HA in fibroblasts, with the likelihood that Octapeptide is 
the strongest driver of this production.

4  |  DISCUSSION

HA is an essential ECM constituent providing a milieu that optimizes 
cellular function and turnover and contributes to overall matrix ho-
meostasis. The hydrating function of HA promotes cellular health 
on the surface of the skin as well as in the depths of the dermis by 
providing the ECM with nutrients and allowing the free flow of cells.1 
Recent studies have focused on the functional aspects of HA that 
relate to its MW.

Many properties of HA depend on its MW—the higher the 
MW, the stronger the water containing properties and the stron-
ger the resistance to the degradation of hyaluronidase.15 High 
molecular weight HA displays anti-inflammatory and immuno-
suppressive properties, whereas low molecular weight HA is a 

F I G U R E  1  Results of RNA-seq presented as the fold change in 
gene expression relative to the non-treated cells. (HAS2: hyaluronic 
acid synthase 2). Octapeptide upregulates hyaluronic acid synthase 
gene expression in dermal fibroblasts

F I G U R E  2  Results of RNA-seq presented as the fold change in 
gene expression relative to the non-treated cells (HAS2: hyaluronic 
acid synthase 2 and HYAL2: hyaluronidase 2). Hexapeptide-11 
regulates hyaluronic acid-related gene expression in keratinocytes

F I G U R E  3  Results of RNA-seq presented as the fold change 
in gene expression relative to the non-treated cells (EGR3: early 
growth response 3). Hexapeptide-11 upregulates early growth 
response 3 gene expression in keratinocytes

F I G U R E  4  Gel diffusion study results—the lane numbers 
are indicated by the treatments described above, and lane 12 is 
the MW reference, indicating that octapeptide stimulates HA 
production in dermal fibroblasts at 2 MegaDaltons (2 MDa)
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potent pro-inflammatory molecule.3 In addition, further studies 
have demonstrated that macrophages undergo phenotypic changes 
dependent on the MW of hyaluronan that correspond to either (1) 
a pro-inflammatory response to low MW HA or (2) a pro-resolving 
response to high MW HA.4 Most of these anti-inflammatory proper-
ties are attributable to interactions of high MW HA and CD44, the 
major cell-surface HA-binding protein.16

Based on these observations and studies, it is apparent that under 
normal circumstances in unwounded skin, proper hydration is required 
for skin health maintenance. Thus, the ability to apply high MW HA 
on the surface of the skin and at the same time stimulate keratinocyte 
and fibroblast high MW HA production within the depths of the skin 
constitutes an optimized skin hydration regimen. Indeed, our study 
demonstrated that certain compounds, including one novel factor 
(Octapeptide), have the capacity to stimulate high MW HA production.

Initially, using the power of RNA-seq technology, our gene ex-
pression studies enabled us to identify hexapeptide-11 as potential 
potent stimulator of HA in keratinocytes. In addition, an added ben-
efit to skin barrier strength and integrity was the demonstration of 
the upregulation of EGR3 gene expression by hexapeptide-11 in the 
keratinocytes. Indeed, hexapeptide-11 is a proven powerful regula-
tor in the skin as it upregulates autophagy, encouraging lipid droplet 
breakdown. Moreover, in vitro studies reveal that hexapeptide-11 
upregulates macrophage recruitment to damaged fat cells, and in 
vivo trials confirm that it increases and hastens fat volume reduc-
tion.17-19 While the activation of keratinocytes by hexapeptide-11 
is exciting, the fibroblasts are a major source of continued HA pro-
duction. The newly identified octapeptide (now named octapep-
tide-45), as a proprietary peptide, showed potent upregulation of 
an HA synthesis gene by dermal fibroblasts, and this is an exciting 
development.

To investigate whether the gene expression results led to func-
tional changes in the fibroblasts under the influence of octapep-
tide, we assessed HA production and size using a PAGE system. 
Octapeptide and other agents previously studied as HA stimulators 
not only stimulated the production of HA, but the HA had a MW 
in the 2 MDa range, indicating that it was high MW HA. Since the 
HA band in the gel cannot be identified using an antibody-based 
method, we digested the supernatant from the stimulated fibro-
blasts with hyaluronidase. Upon running the gel, the band disap-
peared, confirming that high MW HA was produced.

5  |  CONCLUSION

HA is well known as an essential component of the ECM affecting 
both cellular function and matrix homeostasis. In addition, topical 
applications of HA provide important hydrative properties to the 
skin. Recent research has demonstrated the importance of high 
MW HA in this capacity—its ability to create an anti-inflammatory 
environment conducive to regenerative functions contrasts with 
low MW HA, which is associated with a pro-inflammatory mi-
lieu. Using a series of in vitro experiments, a formulation was de-
veloped with novel peptides and active agents that appears to 
stimulate the formation of high MW HA by dermal fibroblasts. 
This formulation design holds the promise of surface hydration 
using high MW HA and the intrinsic production of high MW by 
fibroblasts in the depths of the skin, constituting a first of its kind 
hydration technology. Results of multi-center trials will be pub-
lished soon.
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F I G U R E  5  HA production confirmation by hyaluronidase 
treatment. For these eight conditions, the supernatants were 
subjected to hyaluronidase. In addition, one group of cells treated 
with Octapeptide was not treated with hyaluronidase. Next, the 
supernatants were concentrated, run on an acrylamide gel, stained 
and imaged. The lane numbers are indicated by the treatments 
described above, and lane 10 is the MW reference, indicating HA 
at 2 MDa

F I G U R E  6  Human dermal fibroblasts were treated with 
Octapeptide (1× and 10×) or left untreated and then run on an 
acrylamide gel, stained and imaged. The experiment was conducted 
4 times, and the density of the bands from each supernatant was 
quantified (arbitrary units (AU)) using ImageJ. The data represent 
the mean ± standard deviation of the band densities. Octapeptide 
stimulates High MW HA in a dose–response manner in dermal 
fibroblasts
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