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Abstract

Aging happens to everyone. Coupled with a multi-billion dollar industry, it’s no secret

that aging is something that each and every one of us wishes to delay or avoid entirely. The skin

is the largest human organ. The extracellular matrix (ECM), which is localized below the outer

surface of the skin, provides strength and resiliency and is a major determinant of skin health.

The ECM is produced by cells called fibroblasts. Fibroblasts attach to the ECM and this

attachment allows fibroblasts to stretch. During aging, structural proteins that make up the ECM,

such as type 1 collagen and fibronectin, are degraded through various cell signaling mechanisms.

This degradation alters the mechanical properties of the ECM and impairs fibroblast attachment.

With loss of attachment, fibroblasts become smaller (collapse) and acquire an aged phenotype.

These processes lead to the most common markers of aging, including wrinkles, laxity, and

carcinomas. The research described in this thesis focuses on how ECM mechanical properties

(i.e. stiffness) and treatment with botanical polyphenol compounds impact fibroblast

morphology. The data demonstrate that some of the compounds alter fibroblast morphology

through modulation of actin polymerization. Additional data are presented regarding the impact

of the botanical compounds on fibroblast function using the mechano-sensitive transcriptional

coactivator Yes-associated protein (YAP) as a marker.
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Introduction
I. Purpose

Aging is a universal experience for all, no matter the amount of effort applied to

circumvent it. Research appears to be expanding on the topic, yet a firm conclusion on the true

remedy for aging, to either prevent or reverse it, has not been announced within the scientific

community. Yet, aging has become a strong social construct that negatively impacts body image

and overall mental well-being, especially in Western cultures where youth is valued above all

else; it’s as if there actually is an all-encompassing solution to aging that the rest of the world

looks down on you for not taking advantage of. With chronological age comes chronological

signs of aging, something most of us act extremely fearful of. This is blatantly apparent in our

current choices of skin-care products, their ingredients, and the emergence of increasingly more

extreme measures people take to retain a Goffmanianly managed impression.1 A solution to the

multifaceted and increasingly socially polarizing topic of aging would require an equally diverse

approach consisting of not three, not four, but maybe even hundreds of components intricately

balanced with one another to produce the desired pharmacological effect of so-called

“anti-aging”.

Despite the lack of fully “science-backed” products, the global market is dramatically

overflowing with an endless stream of those advertised to the general public to be exactly that,

“anti-aging”. I use “dramatically” here to refer to the projected 93 billion dollar valuation the

anti-aging market is estimated to hold in 2027.2 We send our bare skin cells out to the battlefield

day after day only to try and salvage the outermost layer with acids, creams, and emulsions

containing ingredients and fragrances of all chemical kinds. In fact, a new survey conducted by
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the Centers for Disease Control and Prevention (CDC) reveals that only about 30% of women

and 15% of men use sunscreen regularly.3

Wrinkles, then, for the average person, are almost inevitable. This could possibly be

either by default of what’s written in the code of what we call “human nature” or due to a severe

lack of public exposure to research articles that discuss such problems or caution against using

products with certain ingredients that cause poor downstream side effects. Beyond prevailing

issues of a widespread scarcity of sunscreen use, the CDC has also found significant data linking

chronic low-level exposure to phthalates, a class of developmental and reproductive toxins and a

major component of plastics, to several widely used skin-care cosmetics.4 Interestingly enough,

most products included in the list of cosmetics-to-be-wary-of are largely endorsed by celebrities,

if not in direct collaboration with them.5 But, these are separate stories on the ethics of

open-access publishing and proper package labeling—both of which would allow for individuals

to make more well-informed skin-care decisions—that are probably best saved for another time.

It is too often that people succumb to the pressures of carefully tailored advertising, leading most

to a negative-sum game of using overpriced products in all the wrong combinations for their

skin.

It logically follows that the skincare industry would want to concoct a product that

reverses aging rather than just preventing aging. This opens their market up to a much larger

target audience and thus to more potentially empty-promise money. Saving those who have

already aged as well as those who have yet to age is a much heftier bet than simply leaving

behind those who have missed the supposed new youthful era. Perhaps, many already know the

solution to delay aging: a healthy diet, frequent light exercise, and a calm and balanced mind.

How about a routine that costs upwards of 2 million dollars per year? This is exactly what Bryan
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Johnson, 46-year-old American billionaire and tech mogul, claims to have done for himself

through what he calls “Project Blueprint”.6 His overarching goal is to closely measure biological

DNA markers and improve the functioning of all of his organs via 100-plus daily supplements,

exercise, heavily restricted caloric intake from strictly vegan sources, and dystopian-like

procedures (i.e. blood transfusions from his own 17-year-old son). With a particular interest in

the skin, Johnson has stated that he has biologically reversed to that of a 28-year-old, almost half

of his true age. This routine certainly takes a strong will and mind, with the former overpowering

the latter for most. Still, don’t fret! Tightly controlled studies have found that dietary

supplements have little to no positive effects on overall health or reversal of skin aging compared

to placebos.7 The notion that the body’s biological clock can be reversed with pharmaceutical

intervention has led to a sense of laziness when it comes to taking care of oneself. Medicalization

of every natural symptom stresses reversal over prevention. This is particularly the case with

aging since it is inevitable.

Why, then, study the mechanisms of aging? Within the laws of entropy, there lies a

relevant point: systems naturally tend to progress towards states of higher entropy (or disorder)

with time. Low entropy systems are associated with states of youth. The skin inexorably

becomes progressively more disordered, wrinkled, and the underlying dermis environment more

jumbled with age. However, it does not cost 2 million dollars to keep our skin in good health

well into our old age. But then, is this only applicable to occupants of societies who have long

been suffering from poor nutrition? There is notable evidence of elderly Asian populations

exhibiting remarkably lower amounts of aging markers in the skin compared to samples from

non-Asians, presumably due to better nutrition.8 Asian diets are generally abundant in berries,

beans, cruciferous and fermented vegetables, whole grains, and seafood, and are easily
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characterized by a generous usage of a diverse range of herbals and spices.9 Those living in

countries with provisions embracing these elements consume larger concentrations of

compounds called polyphenols and isoflavones, without necessarily being aware of the fact.

These compounds have been found to have anti-aging and anti-cancer properties, though human

studies are still lacking to make stronger assertions.

Many studies investigating the effects of plant extracts on cancer, for example, use

cultured cells. Scientists add certain amounts of plant extract onto cancerous cells seeded into

culture dishes. Then, they incubate and watch to see if the cancerous tumor cells commit

programmed suicide, or apoptosis.10 Results from these types of studies and nutritional studies

conducted in rodents or humans suggest that compounds that are present in plants, or botanicals,

may provide health benefits. Alternatively, observational studies may reveal that certain foods in

the diet are associated with healthier skin with age. Now, we test the compounds contained

within these foods—with particular interest in anti-aging potential—in vitro to determine

whether these effects can be isolated to then be effectively added into novel cosmetics. My hope

is to switch course from the bleak future that mindless consumption of empty-promise (and

potentially toxic) products holds for our general population.

II. The Actin Project

Actin filaments are a key component of the cytoskeleton in eukaryotic cells that mediate

cell shape, movement, cell division, signal transduction, and intracellular transport. They begin

as actin monomers called G-actin, nucleating then polymerizing over time with the help of ATP

hydrolysis to form a twisted, double-stranded, polarized helix structure termed F-actin. This

structure is not permanent, however. The actin cytoskeleton is a fluid dynamic system, a
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sensitive machinery that is responsive to all kinds of mechanical triggers from the environment

when in complex with myosin. The polymerization, subsequent depolymerization, and

re-polymerization that must happen in order for movement to occur are exothermic processes

with branching being facilitated by the Arp2/3 complex, a 7-protein actin-binding assembly.11

As a major component of human skin fibroblast cells, actin directly modifies much of the

overall phenotype of the skin. Actin filaments congregate close to the plasma membrane and,

when healthy, can be seen both as straight, long, parallel stretches and as small patches along a

cell’s elongation axis, clueing us back into their main role of cell morphology determination.12

This proximity to the plasma membrane aids in their easy (and beautiful) recognition when

fibroblast cells are stained and visualized under a microscope (Fig. 1).
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Fibroblasts are predominantly responsible for synthesizing the extracellular matrix

(ECM) that comprises the bulk of the skin dermis (Fig. 2).

The ECM is a large network of proteins that surrounds cells in the dermis, providing

structural and functional support through regulating cell-matrix interactions. Further, the dermal

ECM is able to impact fibroblast cell migration, gene expression, and morphology.15 The ECM is

made up of proteoglycans, glycosaminoglycans, collagens, fibrin, fibronectin, fibrillin, elastin,

and vitronectin. Collagen is the most abundant structural protein in the dermis. In addition to

providing structural/mechanical support the dermal ECM acts as a vital bioactive molecule
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stockpile.16 A concerto of balance exists within the ECM as its components have complementary

charges and consequent secretions that moderate the upkeep of the skin.

Unfortunately, our environment is sometimes hostile and as time passes, enough harmful

stimuli have damaged the ECM that visible signs of age begin to appear on the outermost surface

of the skin in the form of wrinkles, sagging, hyperpigmentation, age spots, dryness/roughness,

and, in some cases, carcinomas (photocarcinogenesis).17 The skin is not only a protective barrier,

but also maintains internal body temperature and hydration conditions, relays essential sensory

information, and monitors the immune system via the release of cytokines. As extrinsic (and

intrinsic) factors like ultraviolet rays (UV) and air pollution harm the skin continuously over

time, the accumulated damage attenuates these functions, causing a more rapid rate of aging in

the process. It is known that our sun emits harmful UV rays that induce oxidative stress, and thus

“photo-aging” occurs. Exposed methionine and cysteine residues make up actin filaments, at the

primary level, and are particularly susceptible to oxidation by reactive oxygen species (ROS)

such as singlet oxygen, superoxide anions, hydrogen peroxide, and hydroxyl radicals, that form

as a result of UV-induced oxidative stress.18 With the use of sunscreen, these ROS are kept at a

balanced physiological range and are quenched by antioxidant molecules and superoxide

dismutase (SOD), protecting the skin.19

When the skin is not protected, however, UV exposure generates high levels of ROS that

overwhelm the cells’ natural quenching mechanisms (depleting crucial stores of Vitamins E and

C) and activate mitogen-activated protein kinases (MAPKs). This family of enzymes works

together to activate a transcription factor called AP-1.20 AP-1 and NF-κB (another transcription

factor important in the expression of cytokines, cell adhesion molecules, and growth factors)

then lead to upregulated expression of matrix metalloproteinases (MMPs) which are
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endopeptidases, enzymes capable of degrading the ECM proteins.20 There are various

classifications of MMPs based on their structures and substrates, though what most have in

common is the connection to certain skin-catabolizing proteases—either being small proteases in

and of themselves or recruiting, or activating, those nearby—that ultimately alter, the basal

lamina, or the extracellular surface of the skin.21 Botanical polyphenols like EGCG’s

((–)-epigallocatechin-3-gallat, containing epicatechin) have been previously found to specifically

downregulate MMPs in the skin, presenting hopeful mechanistic explanations for EGCG’s

observed anti-aging properties.22

+1 on superscripts, insert as new 20

Additionally, YAP and TAZ are transcriptional coactivators of the Hippo signaling

pathway that are found localized in the nuclei of fibroblasts when in stiff environments, regulated

by filamentous actin tension, structure, and resistance. When the ECM is degraded, fibroblasts

do not adhere well and thus YAP/TAZ will be absent from the nuclei.23 The list of characters

involved in photoaging continues to grow longer still, now adding in the effects imparted by the

TGF-β pathway. This cell-surface receptor, second messenger signaling pathway regulates the

production of ECM proteins by human dermal fibroblasts through activation of even more

downstream transcription factors, Smad2-4, that directly affect their gene expression,

reorganizing the actin cytoskeleton.24

Altogether, aging and UV exposure generate ROS that cause overexpression of MMPs,

thus degrading the proteins making up the structural scaffolding of the skin. This impairs the

attachment of fibroblasts to the dermal ECM, thereby reducing actin polymerization, which then

decreases fibroblast size/length and mechanotransduction. (Fig. 3). Thankfully, this information

points us to a starting direction when considering pharmaceutical targets of aging: actin. The
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processes aforementioned are reversible and, with the right actin-binding compounds, we may be

able to stretch the fibroblasts and thereby rebuild the ECM and reduce signs of aging.

As mentioned in I. Purpose, there are many naturally occurring compounds that are of

interest to the scientific community when it comes to the skin and the most notable are

plant-derived polyphenols, which come in the forms of flavones, flavanones, flavanols,

flavonols, and isoflavones. They harness anti-inflammatory, anti-oxidant, and DNA repair

powers that can be photoprotective and potentially counter signs of aging through modulation of

enzymatic activity (more specifically, inhibition of oxidizing enzymes), cell cycle progression,

and cell signaling.26 The specific mechanisms of action of polyphenols in the skin are largely
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unknown but there is significant evidence of their anti-tumoral, anti-aging, and

anti-inflammatory effects in the literature (Fig. 4).27

Polyphenolic compounds have been found to directly increase estrogen production

through binding to estrogen receptors α (ERα) and β (ERβ) and may have an anti-aging effect in

this regard as estrogen deficiencies can also lead to accelerated aging.28 Around age 60, our

immune systems experience substantial alterations and progressively lose the ability to protect

against cancer and infections and mediate proper wound healing.29 It intuitively follows that
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immune system regulating compounds such as the polyphenols commonly found in healthy diets

would suppress the aging-related deconstruction of the ECM. In the next section, I cover each of

the botanical polyphenol compounds we found to be of greatest interest for further study and

isolated characterization in individual detail.

III. Compounds of Interest

In alphabetical order…..

Allantoin:

Allantoin’s history in the biochemistry field is seen as

being a molecule first identified as the product of uric acid

oxidation found in animal (and human) urine, getting its

name from its discovery in the allantoic fluid of cows.31 As

research expanded into investigating oxidative stress in the

body, allantoin resurfaced in popularity. It neutralizes

hydrogen peroxide to reduce its mutagenic effects and

conveniently serves as a sensitive marker of oxidative

stress.31 Allantoin is naturally found in some plants including

comfrey, aloe vera, chamomile, wheat germ, and black

salsify (a root vegetable) with C4H6N4O3 being its chemical formula.32 Allantoin can be

purchased as a component in several types of plant extracts but has since been artificially

synthesized in the lab (Fig. 5). It is most widely known for its role in promoting quicker wound

healing times with a lower risk of bacterial infection.33
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Apigenin:

The top naturally-occurring sources of

apigenin (with chemical formula C15H10O5) are

parsley, celery, chamomile, artichokes, oregano,

and spinach with concentrations increasing as the

sources are dried down (Fig. 6).35Apigenin is in

the flavone class of polyphenols and has

extensive credentials in the anti-cancer,

antioxidant, and anti-inflammatory scientific

communities. In previous mouse model studies, apigenin was shown to downregulate AP-1,

MAPK, and NF-κB pathways, induce synthesis of mouse skin barrier factors, and increase the

hydration level of the skin’s outermost layer, the stratum corneum.36 In a study more closely

related to human dermal fibroblasts, apigenin directly promoted type-I and type-III collagen

production in the dermis through activation of the Smad2/3 signaling pathway, thus maintaining

the texture and appearance of the skin.37 This would be especially applicable if normal fibroblast

functioning of synthesizing collagen for the ECM was impaired by excess UV-incited damage.

Its implications in anti-aging research are most promising.

Catechin:

(+)-catechin is a stereospecific notation for “catechin”, as I will later show the distinction

with epicatechin. This compound is in the flavanol class of polyphenols that are commonly

found in green tea, red wine, cocoa extract, and fruits like apricots, black grapes, and
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strawberries.38 A previous study has shown that when

UV-irradiated human dermal fibroblasts are treated

with (R)-DHPV (or (+)-catechin), MMP-1 levels are

slightly decreased compared to no treatment at all (Fig.

7).39 MMP-1 expression levels were used as a marker

for collagen degradation and thus also of dermis

collapse. (+)-catechin has also been found to protect

fibroblasts from oxidative stress-induced apoptosis, or cell death.40

Chlorogenic Acid:

Chlorogenic acid (in the flavanoid

class) is found mainly in black coffee, apples,

grapefruit, and strawberries, as well as in

some Chinese herbal medicines (Fig. 8).42 As

with the other compounds, chlorogenic acid is

a powerful antioxidant that has been found to

reduce UV-induced collagen degradation by

preventing the expression of MMP-1 in mice

when applied from an extract mixture.43 It also

increased the rate of fibroblast remodeling for wound healing at concentrations below a maximal

20 µg/mL.44
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DMSO:

DMSO is a solvent with no antibacterial properties. This

compound is often used as a control, though the chemical structure is

still relevant enough to keep in mind (Fig. 9). Curiously, when DMSO

is applied at too high a concentration, fibroblast growth, and

proliferation are greatly reduced.46 DMSO was used as a vehicle control

in the treatment stage of the study and can be removed from the

alphabetically ordered list for the sake of the image notation in Figure

26.

Epicatechin:

Epicatechin, or (-)-catechin/(S)-DHPV, is also a

flavanol compound found in the same sources as

(+)-catechin, listed above. It is the enantiomer of

(+)-catechin that is also described above (Fig. 10). It

was determined that the stereochemistry affects

outcomes in human dermal fibroblasts blasted with

UV, and is more potent of a MMP-1 inhibitor than its

enantiomer.39 They have also been shown to reduce

activation of platelets (and thus of the endothelium),

impacting transendothelial migration and permeability, and preventing immune responses, as

well as decreasing signs of oxidative stress markers.48,50
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Gallic Acid:

In nature, gallic acid (from the flavanoid class) is

sourced from blueberries, strawberries, cashews, tea, and

wines, among many other common fruits (Fig. 11).51 Studies

show gallic acid as a formidable inhibitor of AP-1 mediated

transcription of MMP-1 and of migration/invasiveness of

several cancers through direct inhibition of the MAPK

pathway.52 Its antioxidant, antimicrobial, and

anti-inflammatory properties make it suitable for wound

dressings and treating dryness caused by atopic dermatitis.53

Jasplakinolide:

Jasplakinolide is a peptide derived from marine

sponges (Fig. 12).55 It is the only compound listed in this

introduction that is not consumed through our ideal diet.

Jasplakinolide is known to stabilize F-actin directly,

increase the rate of actin filament nucleation, and

competitively inhibit the binding of phalloidin (making

visualization more difficult than with the other

compounds mentioned), a widely used fluorescent

F-actin stain.56 Similarly to the aforementioned

compounds, jasplakinolide shows potential as an anti-cancer drug.58

17



Kaempferol 3-O-glucoside:

This compound is the 3-O glycosylated

kaempferol flavenoid (Fig. 13). Foods high in

kaempferol include most dark, leafy greens, tomatoes,

beans, hibiscus tea, strawberries, apples, and many

other fruits and vegetables.59 Clincal human skin

studies have shown its potential in reverting cellular

senescence pathways, increasing collagen fibers

through collagenase inhibition, and improving overall

skin phenotype (anti-wrinkle), though studies in other

organ tissues have also shown significant anti-cancer properties through downregulation of the

AKT pathway.60,61

Luteolin 7-O-glucoside:

Luteolin 7-O-glucoside is a

derivative of the polyphenol luteolin

and is found in oregano, anise, wild

celery and carrots, lentils, and corn.68

Its chemical structural elements such

as a C2-C3 double bond with an oxo

group at C4 allow it to bind transition

metal ions, boosting its antioxidant activities (Fig. 14). When tested as a component of plant
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extracts on human dermal fibroblasts, anti-aging effects were observed as reduced UV-induced

oxidative stress via significant inhibition of MMP-1 secretion.70

Myricetin:

Myricetin is a flavonoid found in garlic, blue,

black, and cranberries, spicy peppers, and beans (Fig.

15).62 In mice, it has been shown to exert

anti-photoaging effects by extinguishing MMP-9

(related to MMP-1) expression and activity by

suppressing Raf kinase, an enzyme that activates

downstream effectors involved in cancerous

proliferation prompted by UV rays.63 In combination,

these effects lead to inhibition of photo-induced wrinkle

formation and degradation of type I collagen. In regards

to UV-related oxidative stress, myricetin enhances mitochondrial function and has

anti-cancer/inflammatory potential, even ameliorating the effects of diabetes on fibroblasts.65

This compound was not used in the final treatment stage of the study and can be removed from

the alphabetically ordered list for the sake of the image notation in Figure 26.

Quercetin 3-β-D-glucoside:

Quercetin 3-β-D-glucoside (isoquercetin) is a naturally occurring form of quercetin and is

found in the peels of apples, mangoes, pears, and darkly colored vegetables.66 When used as a

component of plant extracts, isoquercetin has anti-inflammatory and antioxidant capabilities via
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the prevention of NF-κB formation.66 Antioxidant effects are

provided by the compound's hydroxyphenolic groups and the

4-oxo function of its C ring, enabling it to quench ROS,

enhance wound healing, and reduce damage to fibroblasts (Fig.

16).

The compounds listed above have several key property commonalities among them:

anti-inflammatory, analgesic, antimicrobial, antioxidant, naturally derived, and potentially

anticancer depending on the tissue to which they are administered. Of course, purity is always an

issue as most of the knowledge about their effects stems from studies that focus on plant extracts

rather than in isolation. Other substances—those besides those of interest to this study—present

in the extracts used in previous studies could be responsible for the anti-aging effects reported.

Indeed, most of the background regarding the compounds chosen for this more surface-level

study is derived from plants and leaves. Though it could quite possibly be that these compounds

will have greater effects when naturally consumed in a modified version of the average Western

diet, the inclusion of these compounds in cosmetics is a much more promising method for

implementing them into the lives of many. The mechanisms by which these compounds exert

their effects are not fully understood and few studies are mentioning their effects when in

isolation. This study aimed to investigate the potential phenotypical anti-aging effects of the

compounds contained in this curated list using cultured primary human dermal fibroblasts as a

model. This model allows screening of the effects of bioactive compounds in living human cells

quickly, (relatively) inexpensively, and reproducibly.
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Materials and Methods

I. Sourcing & Management of Human Dermal Fibroblast Cultures:

All cells collected for the purpose of this study were sourced from the University of

Michigan, Department of Dermatology. Spanning several years of biopsy, both old/young and
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male/female samples were collected and stored in a liquid nitrogen chamber that was timely

managed and replenished, preserving all cells until needed in the laboratory. Cell medium was

produced by dilution of 500mL alpha-modified minimum essential medium (10X MEM-ɑ

Glutamax) with fetal bovine serum (FBS, 10% dilution) and penicillin-streptomycin (pen-strep,

5% dilution). This cell medium was consistent across all cultures managed. Cells were extracted

from their liquid nitrogen chamber, allowed to thaw, centrifugated for 2 minutes at 2000 RPM,

and resuspended in 10mL of medium before being pipetted into culture-treated Corning® plates

for incubation and growth (Fig. 17A, B, D). Cells were placed in an incubator set at 37˚C and 5%

CO2 atmosphere. Removal of cells from plates to expand the number of cells began with draining

plates, followed by washing with Dulbecco's Phosphate Buffered Saline (DPBS), treatment with

0.25% trypsin-EDTA (1X) enzyme for 1-3 minutes to allow detachment of cells, and final

centrifugation, resuspension, and incubation in duplicate plates in the incubator (Fig. 17C). For

counting purposes, 0.4% trypan blue was added to the cell suspension to verify cell viability

(dead cells stain blue)and placed onto a glass grid under the 10X objective of an inverted

microscope. Cells were passed up to a maximum of twelve times before growth weaknesses and

greater susceptibility to air-borne cross-contamination were observed.

II. Phalloidin and DAPI Actin/YAP Staining & Visualization:

Phalloidin conjugated with a fluorescent dye was used to stain F-actin. First, a

paraformaldehyde (PF)/phosphate-buffered saline (1X PBS) solution was prepared with 2g PF

per 100mL PBS; several aliquots of this mixture were needed per experiment, so large batches

were created at one time, measured out, and stored in a laboratory refrigerator. This mixture was

heated with a stir bar and then allowed to cool after full dissolution. Cells were washed with PBS
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4-5 times, fixed with appropriate amounts of PF/PBS (relative to dish size) for 15 minutes, and

followed with another PBS wash cycle. 0.5-1mL of 0.25% Triton X-100/PBS solution was added

to each dish and let sit for 20 minutes to allow cell membrane permeabilization for maximal

F-actin staining. 2mL of 3% bovine serum albumin (BSA) was added to each cell plate and let sit

for 60 minutes, minimizing non-specific Phalloidin binding in the subsequent staining.

Phalloidin was prepared per recommended package instructions (avoiding as much exposure to

direct light as possible) by dilution with PBS and methanol (MeOH). 0.5mL

phalloidin/PBS/MeOH solution was pipetted into each cell plate and incubated for 30 minutes in

a dark space.

In experiments, this phalloidin staining protocol was combined with antibody-based

staining through the addition of 10% donkey serum in PBS and allowed blocking for 1 hour,

followed by YAP/TAZ antibody solution in PBS (1:20 ratio), which was added to cultures of

interest and allowed to incubate overnight. Plates were washed with PBS and a secondary

antibody (5% donkey serum in PBS) was incorporated and left for an hour waiting time,

followed by a final PBS wash. For nuclear staining, 1mL 4′,6-diamidino-2-phenylindole (DAPI,

in water) was additionally added to phalloidin-stained cells and incubated for another 5 minutes

before subsequent visualization. Zeiss Zen software was used for computerized microscope

visualization and imaging of all stained cells.

III. Rigidity Plate Preparation & Management:

Rigidity tests were performed using Advanced BioMatrix CytoSoft® rigidity plates and

prepared per package instructions. In a sterile hood, ECM protein solutions of fibronectin or type

I collagen were diluted to 1:10 or 1:30 with 1X DPBS, respectively, and then warmed to room
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temperature. Before reseeding cells, the 6-well rigidity plates and corresponding duplicates (for

each stiffness plate, 0.2kPa, 0.5kPa, 2kPa, etc.) were prepared with 3mL each of either ECM

solution, fibronectin or collagen, incubated for 1 hour at 37 ˚C, and then rinsed with PBS twice,

making sure to leave behind sufficient PBS in the wells to avoid drying of the coated plate ECM

substrate. Cells were reseeded at low numbers (~50k per well, to obtain maximal accuracy when

taking measurements of individual cells; overcrowding is not ideal) and incubated for 48 hours to

allow maximal attachment and growth on the stiffness plates, ranging from 0.2kPa to 64kPa. For

reference, brain tissue stiffnesses range from 0.2-0.5kPa, followed by higher stiffness ranges

corresponding to lung, liver, muscle, eye, and cartilage/bone tissue (Fig. 18).71

IV. Treatment of Cells with Compounds of Interest:

After allowing cells to grow to an ideal confulency, they were removed from their

original growth plates and reseeded at low numbers (~30-50k per well, same reasoning as stated

in part III above) in 6-well 0.2kPa rigidity plates. These cells were allowed to incubate and

multiply for 24-48 hours at 37 ˚C. Our treatments began with obtaining our compounds of

interest (see Introduction), which were provided in solid form (with the exception of DMSO,
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which is a liquid). Myrecetin was not used in the studies due to time constraints. These solid

compounds were first dissolved in DMSO, making 10mM stocks which were then diluted

100-fold. Final treatment concentrations were 100µM compound of interest and 1% DMSO.

V. Final Image Measurements & Analysis:

As previously stated, all cell images were taken and processed with Zeiss Zen software.

Hundreds of pictures were taken of resulting cells and stained actin fibers for maximal internal

validity, based on both brightfield and red flourescence channel visualizations. After numerous,

meticulously labeled images were produced, singular cell masks were isolated in the field of

view (FOV) for variable analyses (Fig. 19).
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Measurements were made for cell area, cell aspect ratio, percentage of actin fibers

aligned with the cell longitudinal axis (major cell axis), and S-parameter of observed fibers

(concerning fiber angle deviance from a cell’s longitudinal axis). From the best-fit-ellipse of each

cell, the aspect ratio was calculated as , with the major axis defined as the longest𝑚𝑎𝑗𝑜𝑟 𝑐𝑒𝑙𝑙 𝑎𝑥𝑖𝑠
𝑚𝑖𝑛𝑜𝑟 𝑐𝑒𝑙𝑙 𝑎𝑥𝑖𝑠  

vertical center line and the minor axis as the longest horizontal center line (perpendicular to the

major axis).72 Larger aspect ratio indicates a more stretched cell phenotype, while a smaller

aspect ratio indicates a rounder cell phenotype. All cell fiber orientation vectors were summed

and averaged for a mean fiber orientation value to calculate S-parameters. S-parameters of cells

were calculated with , where major cell axis mean fiber orientation (Fig. 20).𝑐𝑜𝑠(2θ) θ =  |θ − θ |
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Results

Human dermal fibroblasts (HDFs) are known to display different phenotypes and

morphologies in response to different tissue states.72 With environmental damage to the skin over

time, biochemical processes that are harmful to the skin’s mechanotransduction abilities are

induced. The consequent, gradual degradation of the underlying dermal ECM deleteriously

impacts the skin’s surface, where signs of aging manifest as wrinkles, laxity, and

dyspigmentation. An efficient model is required to easily manipulate the cell’s environment in

order to begin to understand the skin cell’s (specifically HDFs, in our case) structural response to

varying extracellular conditions and extrapolate from there to consider treatments that may

reverse or prevent these signs of aging in vivo in the future.

This study first served as a series of morphological assays of HDFs cultured in plates of

varying stiffnesses in order to mimic the varying ECM conditions that may arise with aging (Fig.

21). Degradation of the ECM directly translates to the stiffness of a cell’s surroundings, thus

dictating whether a cell remains stretched—to an ideal state proportional to the cell’s functions

and needs—and attachment to the ECM or detaches, becoming more rounded and and acquiring

a detrimental aged phenotype. Advancing our knowledge of the interplay between the

surrounding extracellular environment and the regulation of actin fiber assembly in HDF’s

provides a critical foundation for later determining the impact of the chosen botanical

compounds on actin cytoskeleton assembly. We set out to initially characterize a model for

studying cell stretch and actin assembly under conditions of various ECM stiffness.
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I. Effects of Varying CytoSoft Stiffnesses & ECM Substrates on HDF Morphology

Fibroblasts are essential in generating the ECM in the skin dermis. Our primary interests

lie in the potential metamorphosis of fibroblast morphology and phenotype in varying stiffness

conditions to mimic the mechanical environment in aged skin ECM in vivo. However, the first

and foremost problem to tackle when conducting observational analysis studies on

fibroblasts—or any kind of cells is the repetitive process of trial and error to decide how many

cells to seed per plate. Cell overlap greatly interferes with isolating individual cells for accurate

and precise measurements. Further, cell overcrowding in plates may also have confounding

effects on ECM composition, gene regulation, consequent protein expression, and eventual
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phenotypes of fibroblasts in vitro.77 Figure 22 illustrates our matter of cell overcrowding versus

seeding plates at lower cell numbers to allow for more precise measurements for our studies.

After refining our methods to optimize cell viability and visualization on basic plastic

culture plates, we moved on to investigate the direct effects of cell morphology on plates with

varying surface stiffnesses. Plates with surface stiffness ranging from 0.2kPa to 64kPa were

acquired and prepared according to Materials and Methods, III, coated with either collagen or

fibronectin ECM protein for adhesion. Collagen type I is a major fibrilar protein in connective

tissue that self-assembles as fibrils to form ECM scaffolding in vivo. Fibroblasts bind to type I

collagen primarily through α11β1 integrin receptors.74, 75 Fibronectin, on the other hand, is a matrix

protein that forms a thinner fibrillar gel than collagen, though it also participates in regulating

fibroblast adhesion through α5β1, αvβ1, and αvβ5 transmembrane integrin protein complex

receptors.75 These are the fibroblast receptors that interact with type I collagen and fibronectin
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that are currently known, though there may be more involved that have not been definitively

identified yet.76

As a reminder, with aging, the ECM proteins—most notably collagen and

fibronectin—are degraded. This degradation impairs attachment of fibroblast to the drmal ECM,

negatively affecting overall mechanotransduction abilities and actin polymerization. Thus, we

expected that the cells grown on the lowest stiffness substrate (0.2kPa) would show a collapsed

morphology, similar to that observed in aged skin in vivo. This finding would be indicated by

reduced stretching of cells, decreased percentage of actin fibers aligned with the cells’ major (or

longitudinal) axes, lower cell aspect ratio, and lower S-parameter (see Materials and Methods,

V). Our previous 2D matrix (no collagen or fibronectin), plastic plate setup serves as a positive

control that allows the exhibition of maximal cell stretching for comparison (Fig. 26).

Additionally, to achieve clear visualization of single cell morphologies, HDFs were fixed and

stained with phalloidin, a highly selective F-actin-binding peptide that is commonly used for

staining F-actin in a large variety of animal and plant species, it has been found to bind

polymerized actin with much higher affinity than actin monomers.77

Collagen and fibronectin ECM substrates were compared in rigidity plates of 8, 16, 32,

and 64kPa stiffnesses. There were no substantial differences detected between using collagen

versus fibronectin for fibroblast adhesion on the rigidity plates (Fig. 23). Fibroblasts in human

skin preferentially bind collagen.75,76 Therefore, we decided to employ collagen as the ECM

substrate protein for our studies. Looking at Figure 23, we can see that HDFs grown in 0.2kPa

stiffness plates coated with collagen show the lowest overall stretching compared to those grown

in higher rigidity conditions. Cells are more rounded and less stretched, and the red fluorescently

stained actin fibers (corresponding to the straight, red lines seen in Fig. 23) are not all parallel to
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the cells’ major axes and are seen oriented in inconsistent directions from the centers of the cells.

Moving from left to right across Fig. 23A - C, the cells’ actin cytoskeletons are gradually more

organized, with the cells becoming much more stretched out, with F-actin fibers orienting

themselves with the cells’ major axes. The effects of increasingly stiff environments on cell

morphology are more pronounced in stiffnesses of 8kPa through 64kPa (Fig. 23D - G), on both

fibronectin and collagen ECM matrices. The visual morphological results seen in Fig. 23 were
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then grouped into the following categories for quantification and further analysis: cell area, cell

aspect ratio, cell fiber percentage along the major axis, and fiber S-parameter. These values serve

as indicators of how varying stiffness conditions affect fibroblast morphology in vitro, laying a

foundation for understanding the mechanics underlying F-actin polymerization in different

stiffness states of the ECM as it changes with age.

Cells were isolated in the field of view, counted, measured, and averaged per Materials

and Methods, V for quantification. Since there were no significant differences found between

cells grown in either collagen or fibronectin-coated culture plate surfaces in higher stiffness

rigidity plates, the values calculated for each category were eventually combined across both

substrates for comparison to the lower stiffness rigidity plates. For example, cells were grown in

8kPa in both collagen and fibronectin, measured, summed, and later averaged together to

combine into one 8kPa condition. After quantification within all of these categories, several key

findings came to light. Measurements of cell area and cell aspect ratio, on average, were highly

variable and thus not helpful measures in and of themselves in determining any definitive effects

on cell morphology across plate stiffnesses. Cell area tended to increase with increasing

stiffnesses above 0.2kPa. Cell aspect ratio tended to remain in the same range across stiffnesses,

on average, though making a more stark increase when moving from 0.2kPa to the next highest

stiffness plates.

Fibroblast actin fiber percentage along individual cell major axes (Fig. 24) and fiber

S-parameter (Fig. 25) increased with increasing substrate stiffnesses, actin fibers tended to

become more closely oriented with the major spindle axis of each cell. This result indicates that

stiffer substrates increased fibroblast stretch. It logically follows that the average actin fiber

S-parameter values also tended to increase with stiffness, meaning that not only did actin fibers
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become more oriented along the main body of the cell but also showed an overall corresponding

decrease in angle deviation from the mean fiber orientation (recall, back to Fig. 20).
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II. Compounds of Interest Impact HDF Phenotype

The actin cytoskeleton is a very dynamic and sensitive mechanotransducing complex that

allows for several essential processes in the skin to take place. Fibroblasts, which are largely

regulated by the actin cytoskeleton, are the principal cells of the skin that produce and maintain

the dermal ECM. ECM stiffness is known to be critical for fibroblast function in the skin, and

since the ECM’s stiffness is significantly altered with age as a result of numerous environmental

and endogenous factors, normal fibroblast functioning is disrupted. With aging, this disruption

increases in a positive feedback loop like fashion.78 Stiffness-mediated mechanotransduction

upregulates fibroblast activation—F-actin polymerization and corresponding morphological

effects—-to increase collagen production, deposition, and cross-linking, cell proliferation, and

significant changes in gene expression.79

We next cultured human dermal fibroblasts on low stiffness plates to model aged skin

dermal ECM environment and investigated whether treatment of the cells with isolated botanical

polyphenols could stimulate assembly of the actin cytoskeleton and stretch the cells, to induce a

more youthful phenotype. The treatments were chosen based on previously conducted studies

demonstrating their potential anti-inflammation, anti-cancer, antimicrobial, and antioxidant

activities that we hypothesize may have positive effects on aging markers in our experimental

model. To simulate the fragmented ECM in aged skin, HDFs were grown in 0.2kPa stiffness

rigidity plates that were that were coated with type I collagen following our findings from

Results, I. Treatment condition groups were organized and equal concentrations of each

previously described botanical polyphenol actin-binding compound (see Introduction, III) were

administered accordingly. After incubation for several hours, cells were stained with phalloidin

for F-actin visualization per Materials and Methods, II. Results are shown in Figure 26. For
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comparison, HDFs were also plated on plastic plates as a positive control of maximum cell

stretching (Fig. 26L) and on collagen-loaded 0.2kPa stiffness rigidity plates with DMSO

treatment only as a vehicle (negative) control of minimal stretching in a low-stiffness ECM
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environment (Fig. 26K). Cell nuclei are seen in bright blue and cell bodies can be seen in red

with individual F-actin glowing as fluorescent red fibers; their orientations are clearly visible

with respect to the whole cell body.

Hundreds of images were captured from each treatment group and compared to controls

and each other to determine their individual effects on HDF’s as well as to conclude which of

them provides the most optimal cell morphologies in terms of cell area, overall stretching, and

actin fiber orientation. Allantoin (Fig. 26A), for example, seems to decrease cell area though

stretches HDF cell bodies to be more elongated and condensed compared to DMSO vehicle

control cells.

Treatment with apigenin (Fig. 26B), on the other hand, results in larger, more plump yet

also more stretched cell bodies with centrally located nuclei compared to DMSO treated controls.

Interestingly, (+)-catechin (Fig. 26C) resulted in cells that grew dendrite-like extensions from

their outer borders and individual fibers were much harder to observe compared to other

treatments. Chlorogenic acid (Fig. 26D) and gallic acid (Fig. 26F) had somewhat similar effects

on stretching of cells with average area increased slightly more in cells treated with the former.

Unlike the previous two, cell area was decreased in cell groups treated with luteolin

7-O-glucoside (Fig. 26I) and jasplakinolide (Fig. 26G). Despite earlier mention, myricetin was

not obtained for this study however it remains in this paper as a possible directive for future

relevant studies for its potential effects in altering fibroblast morphology in low-stiffness

environments.

Cell area values were averaged among all treatment groups after field-of-view isolation

as described in Materials and Methods, V, then normalized to DMSO values for comparison. The

quantified results of all data relevant to Figure 26—with cell treatment groups ranging from
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69-237 cells being considered in the final values—are displayed in Figure 27. The compounds

are listed in the graph in order of decreasing percent effects on average cell area with respect to

DMSO, with average cell area of cell groups grown on plastic plate 2D matrices (no loading with

either 3D ECM matrix substrate prior to cell seeding) labeled as the “Control” to the far-right

side of Figure 27. Apigenin had the greatest positive effect on cell area, with a staggering 66%

increase with respect to DMSO vehicle controls. Chlorogenic acid is up next on the list with cells

exhibiting an average 56% increase in cell area, followed by gallic acid with 49%, allantoin

(39%), quercetin-3-β-D-glucoside (38%), epicatechin (or (-)-catechin, 30%),

kaempferol-3-O-glucoside (20%), catechin (or (+)-catechin, 4%), luteolin-7-O-glucoside (-16%),

jasplakinolide (-21%), and finally plastic plate controls (83%).
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III. Actin Cytoskeleton Organization & YAP/TAZ Localization

As described above, the stiffness of the dermal ECM greatly affects many processes in

the skin. Fibrosis, or the development of collagen-rich, dense filamentous connective tissue in

response to injury, is positively regulated by active differentiation of fibroblasts to pro-fibrotic

myofibroblasts that then promote the restructuring of the ECM, resulting in scar formation.80

With age, these processes are greatly diminished. In research done on normal fibroblast

functioning in healthy skin, Yes-Associated Protein (YAP) and a transcriptional coactivating

PDZ-binding motif (TAZ, also known as WWTR1) are shown to play pivotal roles in fibrosis.81

YAP and TAZ are both downstream effectors of the Hippo pathway, which controls organ size

through the regulation of cell proliferation and apoptosis. YAP and TAZ are also regulated by

mechanical forces in the cell and respond to ECM stiffness, cell stretch, and actin assembly.83

YAP/TAZ act as sensitive sensors of mechanical cues induced by changing ECM rigidity

independent of the Hippo pathway.84

YAP/TAZ are thought to prevent senescence in cells by localizing to the nucleus and

upregulating target genes to maintain the integrity of the nuclear envelope, keeping cyclic

GMP-AMP synthase (cGAS) and the STING pathway (the cell’s sensors for the presence of

cytosolic double stranded DNA, or dsDNA) at bay.85 YAP/TAZ are sequestered in the cytosol in

cells with reduced mechanical force, such as fibroblasts in aged skin (Fig. 28). Thus, the cellular

localization of YAP and TAZ, cytosol versus nucleus serves as a reliable marker of the state of

activation of mechanotransduction pathways in human dermal fibroblasts.

Therefore, additional experiments were performed to determine YAP/TAZ cellular

localization in fibroblasts treated with botanical polyphenol compounds described above (see

Results, II). The most potent compounds, showing a 50%+ increase in average cell area with
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respect to DMSO (Fig. 27), are apigenin, chlorogenic acid, and gallic acid. It then follows that

these three compounds are expected to show higher nuclear YAP/TAZ localization compared to

vehicle controls. Figure 29 outlines the results of the YAP/TAZ immunostaining experiments.
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These results are preliminary to ongoing research and deeper analysis of YAP/TAZ and in

response to treatment with botanical polyphenol compounds. High ECM stiffness, as

communicated to the cell through integrin receptors, leads to actin polymerization and YAP/TAZ

localization to the nucleus. In the nucleus, YAP/TAZ form complexes with TEAD (final effectors

of the Hippo pathway) and numerous other transcription factors that bind gene enhancers to

regulate transcription of target genes.86 These results indicate that the treatments that stimulate

actin assembly and increase fibroblast size induce YAP/TAZ nuclear localization, while those

that negatively affect cell area sequester YAP/TAZ in the cytosol.
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Discussion

Targeting human dermal fibroblast morphology through botanical polyphenol

actin-binding compounds is a promising venture for the anti-aging scientific research

community. Further research can take profit from the diets of cultures exhibiting a lower

abundance of aging markers in the skin (as well as in overall health and disease). These

non-Western diets avoid processed and refined sugars and dairy fats and are instead heavily

composed of whole fruits, vegetables, grains, and select tea leaves with major antioxidant,

anti-inflammatory, and potential anti-cancerous activities. Healthy skin truly begins from within

as applying expensive, improperly used, and potentially toxic chemicals to the bare skin without

a second thought about why the skin exhibits signs of aging or malnourishment in the first place

is more like a hamster running in place on a wheel in its cage rather than a marathoner

completing a 5k.

The compounds tested within the scope of this study were isolated and not present as

their naturally derived extracts from the commonly eaten foods in these ideal diets. Indeed, we

aimed to isolate those most often mentioned in previously reported credibly significant study

results to pinpoint the exact components with the anti-aging potential that was observed. It is

known that fibroblasts undergo morphological changes when put under the pressures of different

ECM stiffnesses, as also observed through the use of our specialized rigidity plates and actin

staining methods. The data on measurements of cell area and cell aspect ratio were not optimal in

regard to the rigidity experiments due to excessive overlapping cell-to-cell contacts in the FOV

that prevented taking more accurate measurements, leading to large variability although the

overall trends aforementioned (see Results, I) followed what was expected.
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Although in vitro cultures are a simple model system, I expect that our results can be

reasonably extrapolated to the skin in vivo since the fundamental mechanisms by which

fibroblasts perceive and respond to mechanical forces are likely to be similar in vitro and in vivo.

For the sake of future research, extra care and time should be taken to optimize cell seeding

numbers and growth conditions to avoid overcrowding to obtain the most reliable data. Staining

protocols were mostly successful through our methods and provided clear visualization of

individual actin fibers, advancing the insight into the state of fibrillar polymerization when cells

are grown in different stiffness conditions, mimicking those of different stages of ECM

degradation obsrved in human skin.

In Introduction, I, it was mentioned that isolated compounds were chosen over the

extracts they are found to be components of in relevant studies previously published. This was

decided as extracts are composed of several different compounds and causation cannot be

determined over correlation when the exact compound is not known. Although our results are

promising on some compounds in isolation (i.e. apigenin, chlorogenic acid, and gallic acid),

those that performed more poorly in terms of increasing average cell area should not be entirely

thrown out in their potential in different contexts. These compounds may fare better when used

in a naturally derived extract rather than alone, with positive pathway crosstalk and productive

interactions with other compounds present in extracts being a possibility.

YAP and TAZ are two effectors from the Hippo pathway that act as markers of

mechanical force imposed on HDFs. YAP/TAZ analyses are still ongoing within the Fisher

Photoaging & Aging Lab at the University of Michigan. However, the experiments performed at

least helped to confirm the morphological changes detected in HDFs treated with our chosen

botanical polyphenol actin-binding compounds in Results, II. The objective was to investigate
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whether induction of actin assembly resulted in increased YAP/TAZ nuclear localization, as

visualized by immunostaining (Results, III). More YAP/TAZ should be seen around the nuclei of

larger, more stretched cells with more organized F-actin cytoskeletons as this nuclear shuttling of

these transcription cofactors is associated with YAP/TAZ activation and target gene regulation to

induce the production of more ECM proteins by fibroblasts. As YAP/TAZ is reduced with aging,

a therapeutic approach that is worth considering is to target regulation of YAP/TAZ to induce

ECM production and thereby regain proper cell functioning, potentially reducing the outward

signs of aging. The reciprocities between the several effectors of the Hippo pathway (as well as

those that engage in crosstalk with Hippo) are not well understood and should be further

researched in detail in order to determine whether YAP or TAZ (or both, or neither) are causative

markers that can be targeted in isolation for these purposes.
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Conclusion

In aged human skin, fibroblasts acquire an aged phenotype when the surrounding ECM

stiffness is low, and this phenotypic response can be modeled in vitro by the culture of fibroblasts

under low stiffness conditions. Cell area and cell aspect ratio should be helpful measures when it

comes to overall fibroblast structure, but we found there was great variability that held back

definitive conclusions. The general trends still followed as cells in greater stiffness plates were

somewhat correlated with greater cell area, though cell aspect ratio was relatively similar among

all groups. Results were comparatively significant for the percentage of cell fibers oriented with

the major cell axis and fiber S-parameter. Results for this analysis would likely have been

significant across the board had more time and resources been available to extend the initial

portion of the study during which we were calculating cell growth rates and determining optimal

cell seeding patterns for each dish type. Overall, our results reflect observations made in previous

studies and can be made clearer through additional research, as well as some expansion on

ancillary ECM proteins not described here.

Our botanical compound treatment results demonstrated that measurements of cell area

were reliable and significant. For these studies, cell seeding was kept to a minimum, using our

earlier studies as reference for reducing cell overlap in the FOV. The botanical polyphenol

actin-binding compounds chosen for this study are naturally derived, isolated compounds from

extracts frequently mentioned in published research studies on their potential anti-aging effects.

The studies presented here were conducted with pure compounds, rather than extracts, in order to

compare the bioactivities of known compounds. In order of least to most effective in increasing

average fibriblast cell area, jasplakinolide and luteolin-7-O-glucoside came last with a negative

impact, followed by catechin, kaempferol-3-O-glucoside, epicatechin,
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quercetin-3-β-D-glucoside, allantoin, gallic acid, chlorogenic acid, and finally apigenin with the

most promising effects on average cell area. These results should be expanded upon in further

research with direct comparisons between their isolated effects and when in extracts from

different plants, as well as additional work regarding the pathways that they affect to understand

the deeper mechanisms behind their actions.

YAP/TAZ are undergoing further research within the lab through which the research

regarding this paper was conducted. With the information collected, however, it is clear that

YAP/TAZ are major mechanical markers for cell activity and the corresponding orientations and

polymerized states of their actin fibers. With a more organized actin cytoskeleton that came as a

result of treatment with either apigenin, chlorogenic acid, or gallic acid, more YAP/TAZ was

found localized to the nucleus, thus indicating the higher levels of mechanical force experienced

by HDFs. In contrast, jasplakinolide treatment resulted in more diffused green staining in the

cytosol rather than concentrated at the nucleus as with control cells grown on plastic plates.

The results presented here provide a foundation for further studies on the underlying

mechanisms of skin aging and the development of novel approaches to prevent or reverse its

consequences. Additional research on these matters will benefit the cosmetics industry and the

people who use it for dermal therapies.
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