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Abstract
Background Macromolecules in skin cells are damaged when exposed to environmental stressors, leading to dis-

rupted cellular function and homeostasis. While epidermal turnover can eliminate some of this damage, autophagy can

rapidly remove these defective components. Niacinamide (Nam) is known to induce autophagy and optimizing formula-

tions to maximize this response could provide improved homeostasis in stressed skin.

Objective To determine (i) whether Nam can induce autophagy related 5 (ATG5), an autophagy marker, in human ker-

atinocytes and (ii) whether optimized low pH Nam formulations can enhance the response in 3D skin models.

Methods Human keratinocytes treated with Nam were evaluated for autophagosome accumulation and induction of

ATG5 by gene expression, immunoblotting and immunofluorescence microscopy. 3D skin equivalents were topically

treated with Nam formulations at pH 5.8 and 3.8. Gene expression profiling and immunoblot analysis of ATG5 were per-

formed.

Results Nam treatment of keratinocytes led to an accumulation of autophagosomes with a maximal signal at 48 h.

Gene expression of ATG5 was induced by Nam, and immunoblots stained for ATG5 showed a significant increase after

6 h of treatment. Gene expression profiling of 3D epidermal skin equivalents treated with Nam at pH 3.8 showed stron-

ger induction of autophagy-related genes, including ATG5, compared with pH 5.8 formulas. Enrichment for gene ontol-

ogy terms on autophagy showed an increased linkage with Nam formulas at pH 3.8.

Conclusions We found that Nam induces autophagosome accumulation and ATG5 levels in keratinocytes. We also

discovered that a Nam formulation at pH 3.8 can further increase levels of ATG5 in 3D skin models when compared to

Nam at pH 5.8. These data support that Nam can induce autophagy in keratinocytes and formulations at pH 3.8 can

enhance the impact. We hypothesize that optimized formulations at pH 3.8 can improve skin ageing appearance via

autophagy induction.
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Introduction
Human skin is the largest organ and serves a critical role in pro-

tecting the body from damaging environmental stressors such as

solar radiation, pollutants and microbial invasion. The epider-

mal compartment of skin is the first line of defence and facili-

tates removal of any sustained cellular damage via continuous

renewal through a balanced programme of proliferation and dif-

ferentiation that occurs over a 24- to 28-day period. However,

stress exposure can cause immediate damage to macromolecules

(e.g. DNA, protein and lipids) that can lead to oxidative stress,

inflammation and cellular dysfunction. Thus, it is necessary to

rapidly and efficiently remove damaged macromolecules and

thereby maintain cellular homeostasis to prevent premature age-

ing and maintain skin health.

Autophagy is an essential housekeeping cellular process,

which is required to maintain homeostasis by monitoring and

facilitating the removal of damaged intracellular components

such as aggregated proteins and damaged organelles (e.g.
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mitochondria, endoplasmic reticulum, nucleus and peroxi-

somes). Damaged materials are encircled into autophagosomes

which then fuse with lysosomes to ultimately breakdown debris

into recycled components or exported ones for removal from

the cell. Under stress conditions, autophagy is essential in ensur-

ing there is rapid removal of damaged components to prevent

induction of apoptosis and senescence.1 As in all organs, autop-

hagy plays a significant role in skin biology to help maintain

homeostasis and prevent disease conditions.2,3 In the epidermis,

autophagy has been shown to play a role in terminal differentia-

tion as measured by elevated activity in the granular layer.4

Maintenance of efficient autophagy is hypothesized to also pre-

vent premature skin ageing, particularly in photoexposed body

sites.5 Thus, a better understanding of autophagy in skin biology

would allow for the identification of technologies that could

maintain and enhance autophagy activity during stress and, ulti-

mately, prevent ageing and maintain skin health.

Niacinamide (Nam; aka nicotinamide, vitamin B3) has been

used for decades in cosmetic and pharmaceutical products for

the treatment of acne, photoageing attributes and barrier integ-

rity improvement.6–8 It has been reported that Nam can protect

cells from oxidative stress, UV-induced immunosuppression

and metabolic disruption.9–11 Mechanistically, it has become

apparent that Nam can have a significant impact on numerous

processes associated with skin homeostasis and ageing.12,13

While the impact of Nam on autophagy has been less studied in

skin cells, it has been reported that Nam can induce mitophagy,

a select form of autophagy, in dermal fibroblasts.14 Mechanisti-

cally it is believed that this is via increased NAD+ cellular

pools.15 However, there have been no reports to date on the role

of Nam on autophagy in epidermal keratinocytes.

Topical formulations containing Nam have historically been

practiced within a neutral pH range to prevent formation of nia-

cin, a known vasodilator. It is also known that acidic formula-

tions at pH 4.0 can promote skin barrier function,16,17

particularly in elderly skin where skin surface pH is more alka-

line.18 Interestingly, while it has been reported that acidic condi-

tions in vitro can induce autophagy,19 it is not known whether a

topical formulation would have any impact on autophagy.

Based on this background context, we wished to understand

what impact Nam could have on autophagy in cultured epider-

mal keratinocytes. Additionally, whether a topical application of

Nam in a lower pH formulation would further enhance autop-

hagy induction in 3D skin models. To determine this, we mea-

sured the impact of Nam on ATG5, a canonical marker of

autophagy, in these skin models.

Methods

Cells and reagents
Telomerase-transfected keratinocytes (hTERT) were expanded

in a CO2, 37°C incubator using EpilifeTM (Thermo Fisher

Scientific, Waltham, MA, USA) media with human keratinocyte

growth supplement and gentamicin/amphotericin B. Cells never

exceeded 70% confluency nor passage 5. Human HaCaT ker-

atinocytes were purchased from AddexBio (San Diego, CA,

USA). Cells were grown in Epilife medium with 60 lmol/L cal-

cium (Thermo Fisher Scientific) and supplemented with human

Keratinocyte Growth Supplement (Thermo Fisher) and gentam-

icin/amphotericin B 5009 solution (Thermo Fisher) in T-75

flasks (Corning, Oneonto, NY, USA). Cells were cultured at

37°C, 5% CO2 and 90% relative humidity.

For ATG5 gene expression experiments, HaCaT keratinocytes

were cultured and maintained in the same medium used for pri-

mary keratinocytes. The day before treatment, keratinocytes

were plated in 12-well BIOCOAT plates, 100 000 cells/well in

2 mL media/well. The plates were incubated at room tempera-

ture 30–60 min to allow cells to attach evenly in wells and then

moved to incubator (5% CO2, 37°C). On treatment day, the

media removed before treatments added. At harvest, the media

was removed and 350 lL RLT Buffer (Qiagen, Germantown,

MD, USA) was added to each well before transferring lysates to

tubes.

A 3D human epidermal skin organotypic model (EpiDermTM;

MatTek Corporation, Ashland, MA, USA) was used to assay the

effects of Nam. Briefly, epidermal cultures were received and

allowed to acclimate overnight in Dulbecco’s Modified Eagle’s

Medium with epidermal growth factor, insulin, hydrocortisone

and proprietary stimulators of epidermal differentiation supple-

ment and gentamicin/amphotericin B. An oil-in-water emulsion

system was formulated at varying final pH values and with or

without 2% Nam (final weight per volume). After treatment

with the formulations, cultures were removed from media and

sliced in half, flash frozen in liquid nitrogen and transferred to

�80°C freezer.

Cyto-ID� staining
Treated hTERT keratinocytes were stained using the Cyto-ID�

Kit (Enzo Life Sciences, Farmingdale, NY, USA) per manufac-

turer instructions. The fluorescent readouts (excitation/emission

480/530 and 340/480 nm) were taken using a Synergy Neo plate

reader (BioTek, Winooski, VT, USA). The ratios of the 480/530

readout over the 340/480 readouts were calculated for each sam-

ple, and the no treatment controls were used as the normaliza-

tion denominator. Autophagosome upregulation was indicated

when the ratio to control was statistically significantly higher

than 1.00. Student’s t-test, pairwise and equal variance, was used

for statistical calculations.

Immunoblot analysis
HaCaT keratinocytes were seeded in six-well tissue culture plates

at 1.5 9 105 cells per well. Cells were treated with 1 mmol/L

Nam (Sigma-Aldrich, St. Louis, MO, USA) for indicated times.

For protein extraction, RIPA or T-Per buffer at time of use was
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supplemented with Halt (Invitrogen, Carlsbad, CA, USA) pro-

tease inhibitor tablet and phosphatase inhibitor cocktails 1009;

10 lL/mL (T-Per + PPI). Cells cultured in six-well plates were

lysed and collected in RIPA + PPI buffer (Invitrogen). Cells

were sonicated on ice in a sonicating water bath for 30 min.

Lysate was centrifuged at 18 000 9 g for 15 min at 4 °C. After
centrifugation, the supernatant was collected in a fresh Eppen-

dorf tube. MatTek Epidermis 3D cultures were removed from

freezer, the collagen membrane removed and discarded, and

300 lL of T-Per + PPI was added to each sample, along with a

5 mm stainless steel bead (Qiagen). The samples were bead-

beated using a Qiagen Tissue Lyser for 30 s at the 30 mHz. The

samples were placed in a Bransonic sonicating water bath and

sonicated on ice for 30 min. Lysate was centrifuged at

18 000 9 g for 15 min at 4°C. After centrifugation, the super-

natant was collected in a fresh Eppendorf tube and was labelled.

Protein concentration was obtained using a BCA assay (Pierce,

Waltham, MA, USA). Same amount of protein mixed with 49

Bolt LDS Sample buffer and 109 Bolt Sample reducing Agent

(Invitrogen). The samples were heated to 100°C for minimum of

5 min and loaded onto a BoltTM 12% Bis-Tris Plus Gels, 12-well

(Invitrogen) and ran at 200 V. A standard molecular weight lad-

der was loaded along with the samples to keep a track of the

movement of the proteins in the gel. Proteins were transferred

onto activated PVDF at 20 V for 120 min and left overnight. The

membrane was removed on completion of the transfer and dried

for 60 min. Membranes were wetted with methanol followed by

thorough rinsing of the membrane with deionized water. After

blocking with 5% blocker, BSA in 19 PBS/Tw (209 PBS Tween

20) for 60 min at room temperature, washed 39 with PBS/Tw,

the membrane was incubated with specific primary antibodies

(1 : 2000 dilution) in 1% blocker, BSA in PBS/Tw for 60 min at

room temperature. The membranes were then washed three times

with PBS/Tw before the addition of secondary antibody. The sec-

ondary antibody, also prepared in 1% blocker, BSA, was incu-

bated with the membrane for 60 min at room temperature. The

dilution of the secondary antibody was generally kept at

1 : 10 000 for goat anti-rabbit IgG (H + L) secondary antibody,

HRP. The membranes were then washed again with PBST multi-

ple times and developed using a mixture of equal volumes of

developing solutions 1 and 2 for ECL or imaged directly for fluo-

rescence signal detection using LICOR Image Studio software

(LICOR, Lincoln, NE, USA). Densitometry was analysed using

LICOR’s Image Studio Digits software. Blots were stripped using

LiCor Western Sure ECL Stripping buffer following LiCor’s pro-

tocol. Then, re-blocked and probed with Anti-beta Actin antibody

(mAbcam 8226) – Loading Control (HRP).

Microarray analysis
Samples (n = 6 per treatment group) were collected in RNALater

buffer, flash frozen and stored at �80°C prior to RNA extraction.

RNA was extracted and purified using the RNeasy kit (QIAGEN).

Purified RNA was converted to biotin-labelled complementary

RNA copies using the HT 30 IVT Express kit (Affymetrix, Santa

Clara, CA, USA) per the manufacturer’s protocol. Samples were

then subjected to microarray profiling using GeneTitan U219

microarray plates (Affymetrix). Probe set expression values were

calculated by quartile normalization and PLIER summarization

algorithms. Principal component analysis and leave-one-out and

leave-two-out prediction intervals identified no sample outliers.

Test statistics comparing each treatment group to untreated cells

at 24 h (NT24) was moderated using the empirical Bayes method

from the limma R-package, and false discovery rates (FDR) were

controlled using the Benjamini-Hochberg correction. A mini-

mum expression threshold (>20th percentile in ≥50% of replicate

samples within a treatment group) was set to filter out low-ex-

pressed probe sets using GeneSpring v14.9.1 (Agilent Technolo-

gies, Inc., Santa Clara, CA, USA), and hierarchical clustering of

autophagy gene probe sets by normalized intensity values was per-

formed using the Euclidean distance and Ward’s linkage method.

Pathway analysis
Gene set enrichment analysis (GSEA) v4.0.3 was performed as

previously described.20,21 Random gene set permutation

(n = 10 000) was used to query the data against Gene Ontol-

ogy22,23 gene set annotations curated within MSigDB v7.0 data-

base within the GSEA software.

Transcriptional pattern matching to autophagy-inducing
chemistries
A signature-free pattern matching algorithm based on Connectiv-

ity Mapping (CMap).24 was developed and performed as similarly

described.25 In brief, the transcriptional profiles (i.e. log2 fold

change between a treatment group and untreated cells at 24 h)

described herein were assessed for similarity (or dissimilarity) to

the transcriptional profiles within the CMap database, which con-

sists of >4200 chemistries (vs. DMSO control) in hTERT ker-

atinocyte cell lines treated for 6 h. Fisher’s discriminant analysis

(FDA) was used to minimize batch-based variability and reduce

the dimensionality of the data. To reduce over-fitting, a relaxed

version of FDA was implemented in the R statistical program-

ming language and applied to the CMap database. The signature-

free pattern matching algorithm uses ~50% of the measured

probe sets (n = ~20 000) to create a reduced-dimensional repre-

sentation of the original expression profile data set of the various

chemical treatments and ensures that two or more chemical repli-

cates tested in different experimental batches show similar expres-

sion patterns. Transcriptional similarity is then assessed by

calculating cosine distances (i.e. linkage scores), with linkage

scores ranging from �1 (more dissimilar) to 1 (more similar).

Immunofluorescent staining
Immunofluorescent detection of the autophagy marker ATG5

was conducted in HaCaT keratinocytes cultured at 37°C, 20% O2,

© 2020 European Academy of Dermatology and VenereologyJEADV 2020, 34 (Suppl. 3), 3–11
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5% CO2 and 90% relative humidity for 72 h prior to trypsiniza-

tion. HaCaT keratinocytes were trypsinized from T-75 flasks incu-

bated at 20% O2 and plated at 1 9 104 per well into µ-slides
(Ibidi 8 well) in 300 lL of medium per well. Cells were treated

with 1 mmol/L Nam (Sigma-Aldrich) for 6, 24, 48 and 72 h with

media and treatment refreshed daily. Slides were incubated at

20% O2 for length of treatment. Following incubation, cells were

washed in PBS and fixed with ice cold methanol, permeabilized in

0.1% Triton X-100 in PBS and blocked for 1 h with 3% BSA in

PBS. Cells were incubated overnight at 4°C with primary antibod-

ies for ATG5 (Abcam 108327, 1 : 100, Cambridge, MA, USA),

diluted in PBS containing an Alexa Fluor 488 conjugated Alpha

Tubulin antibody (Abcam 195887, 1 : 250). Cells were washed in

PBS and stained with Alexa Fluor 555 secondary antibodies

(Abcam 150086, 1 : 1000) in PBS for 1 h at room temperature,

washed and DAPI counter stained using NucBlue fixed cell stain

ReadyProbes reagent (Invitrogen). Fluorescent images were cap-

tured with a Zeiss Z1 microscope (White Plains, NY, USA).

Results

Induction of autophagic flux by Nam over time in human
epidermal keratinocytes
To understand the impact of Nam on autophagic flux in ker-

atinocytes, we cultured hTERT keratinocytes under normal

growth conditions and exposed to 400 lmol/L Nam for 24 h.

Image capture showed an increase in fluorescent puncta with

Nam treatment compared with control cultures (Fig. 1a). Quan-

tification of FITC signal normalized to DAPI staining showed a

36% increase in signal in Nam-treated cells over control

(Fig. 1b). A time course experiment was performed to evaluate

what impact Nam has on autophagic flux over time. hTERT ker-

atinocytes were incubated with 400 mmol/L Nam for up to 72 h

and Nam treatment showed a significant increase in signal at all

time points with a maximal 22% increase in signal at 72 h com-

pared with control cells (Fig. 1c, P = 0.042).

Nam stimulates expression of the autophagy marker ATG5
To evaluate the impact of Nam on ATG gene expression and

protein levels, HaCaT keratinocytes were exposed to 250 lmol/L

Nam for 6 h and then processed for microarray profiling. Nam

increased expression of ATG5 by 1.05X fold change compared

with vehicle control (Fig. 2a). To quantitate the changes in

ATG5 due to Nam exposure, we performed immunoblot analysis

of cell lysates (Fig. 2b) and quantitation showed a 19% increase

in ATG5 protein levels after 6 h of treatment compared with the

99% increase by the positive control chloroquine (Fig. 2c, CQ).

Interestingly, there was a steady increase in ATG5 levels but were

not statistically significant compared with control treatments.

Keratinocytes were stained for ATG5 and immunofluorescence

photomicrographs showed an increase signal intensity with Nam

treatment at 6 h (Fig. 2d). Quantitation of signal intensity

showed a 34% increase with Nam treatment compared with

non-treated control cells at 6 h (Fig. 2e, P < 0.0001). While the

ATG5 signal levels were still significantly higher at 24 and 48 h,

there was a steady decrease to baseline levels at 72 h.

Topical application of Nam in 3D skin equivalent models
shows an increase in ATG5 expression when formulated at
pH 3.8 vs. 5.8
Acidic pH is known to promote skin barrier function as well as

stimulate the molecular events leading to autophagy. Based on

the 2D keratinocyte data, we hypothesized there was a combina-

torial effect of Nam and low pH on autophagy-related gene tran-

scription. To this end, microarray profiling was performed on

3D epidermal cultures treated topically with oil-in-water emul-

sion formulations containing Nam at pH 3.8 and 5.8. Nam at

pH 3.8 induced a robust genome-wide changes in expression in

a pH-dependent manner, with a maximum number of signifi-

cantly regulated probe sets by Nam (3.8) treatment compared

with untreated cells (Table 1). Vehicle at pH 2.5 or 5.8, however,

induced only modest numbers of differentially regulated probe

sets above random chance when compared to untreated cells.

Notably, hierarchical clustering of genes involved in autophagy

showed a strikingly similar expression pattern induced by Nam

(5.8) and Nam (3.8) and that was distinct from untreated

(NT24) and Veh (2.5) and (5.8)-treated cells (Fig. 3a). Indeed,

several genes involved in autophagy initiation and autophago-

some formation (beclin-1, BECN1; WD repeat domain, phos-

phoinositide interacting 2, WIPI2; SH3 domain containing

GRB2 like, endophilin B1, SH3GLB1; and TBC1 domain family

member 5, TBC1D5), autophagosome membrane elongation

(autophagy related 5, ATG5), and substrate capture (NBR1

autophagy cargo receptor, NBR1) were significantly upregulated

by low pH Nam treatments compared with untreated and low

pH (2.5 and 5.8) alone (Fig. 3b).

We next sought to understand whether the global transcrip-

tional changes induced by low pH Nam were associated with

autophagy-related biological pathways using GSEA and Gene

Ontology (GO) gene sets. Low pH Nam treatments were

enriched for several GO pathways involved in autophagic pro-

cesses, including regulation of autophagosome assembly (FDR q-

values < 0.25; Table 2). Moreover, several biological processes

such as regulation of vacuole organization, intrinsic component of

peroxisomal membrane, peroxisome transport and organization

and protein targeting to lysosome associated with low pH Nam

showed a pH-dependent enrichment as indicated by increasing

normalized enrichment scores (NES) and/or decreasing FDR q-

values from Nam (5.8) to Nam (3.8).

Pattern matching algorithms have proven useful for predict-

ing similar (or dissimilar) mechanisms-of-action among unre-

lated pharmacological agents and/or diseased states based on

differential gene expression.24 Indeed, transcriptional similarities

among several dermatological conditions and their reversal by

© 2020 European Academy of Dermatology and VenereologyJEADV 2020, 34 (Suppl. 3), 3–11
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known dermatological treatments as well as novel potential ther-

apies has been demonstrated using pattern matching.25 As sev-

eral pharmacological agents have been shown to induce

autophagy (e.g. mTOR inhibitors),26 we performed pattern

matching on the low pH Nam treatments compared with

untreated cultures and assessed similarities (positive linkage

Figure 1 Nam increases autophagic flux in keratinocytes. (a) Representative microscopic images of autophagic flux in hTERT ker-
atinocytes treated with or without 400 lmol/L Nam for 24 h and stained with Cyto-ID� autophagy probe show elevated presence of
green puncta in Nam treated cells. (b) Autophagic flux index was calculated by counting green puncta divided by the number of cells
(DAPI-stained blue nuclei) in multiple fields. Nam treatment showed a 36% increase in fold change of flux index compared with control
(P = 0.0004). (c) hTERT keratinocytes were incubated with or without 400 lmol/L Nam up to 72 h. Autophagic flux calculations showed a
22% increase signal in cells incubated with Nam at 72 h compared with control (P = 0.042). Student’s t-test was used to calculate P val-
ues in reference to control cells (n = 16). Nam, niacinamide.

Figure 2 Nam increases ATG5 gene expression and protein levels in keratinocytes. (a) Transcriptomics profiling comparing HaCaT ker-
atinocytes treated with or without 250 lmol/L Nam for 6 h showed a 1.059 fold increase in ATG5 gene expression (Anova model,
P = 0.0386). (b) Immunoblot analysis for ATG5 from hTERT keratinocytes treated with 1 mmol/L Nam over 72 h. Control cells were trea-
ted with chloroquine (CQ) for 4 h to confirm signal induction. Cell extracts were prepared and analysed by immunoblotting using the indi-
cated antibodies. b-Actin served as a control. (c) Densitometric analysis of the signals on the blots show a significant increase in ATG5
protein levels after 6 h of Nam treatment (P = 0.039). (d) Immunofluorescence photomicrographs of HaCaT keratinocytes after treatment
with 1 mmol/L Nam over 72 h. Select area from control and Nam treated cells at higher magnification (right panel). (e) Fluorescent signal
intensity was quantitated (n > 190 cells per treatment group) via image analysis and showed a 34% increase with Nam treatment com-
pared with control cells at 6 h (P < 0.0001). Nam, niacinamide.
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scores) to gene expression signatures generated from 2D ker-

atinocytes treated with various autophagy-inducing agents. We

observed positive linkages among the low pH Nam treatments

with several autophagy-inducing agents (Table 3). In particular,

mTOR-dependent autophagy inducers such as metformin, rida-

forolimus, temsirolimus, and torin-1 and -2, which showed posi-

tive linkages that increased from Nam (5.8) to Nam (3.8). These

data suggest that low pH Nam may induce autophagy through

an mTOR inhibitory mechanism.

ATG5 immunoblot analysis of 3D skin models
After the finding that Nam formulated at pH 3.8 increased

expression in autophagy-related gene ontology terms along with

an increase in ATG5 gene expression, we performed immuno-

blot analysis to quantify ATG5 protein levels. Total protein was

extracted from replicate 3D MatTek cultures treated with vehicle

controls at pH 2.5 or pH 5.8 and 2% Nam at pH 5.8 and 3.8,

separated on SDS-PAGE gels and transferred to PVDF. Immu-

noblot staining for ATG5 and b-actin (control) was performed

(Fig. 4a). Densitometry quantitation showed that 2% Nam (pH

3.8) increased ATG5 signal intensity by 93% and 49% compared

with pH 2.5 and 5.8 vehicle control, respectively, and a 49%

increase compared with 2% Nam (pH 5.8; Fig. 4b).

Discussion
Human skin’s ability to protect the body from environmental

insults requires efficient repair mechanisms so that stress

induced damage is efficiently repaired or removed. The epider-

mis of skin undergoes a constant turnover process that facilitates

the removal of damaged macromolecules, dysfunction organelles

and pre-senescent cells. However, the turnover rate of the epi-

dermis averages on the order of 28 days and it is critical for a

more immediate intracellular repair response to prevent prema-

ture ageing, senescence onset and risk of pre-cancerous cellular

transformation. Autophagy is a housekeeping cellular process

that facilitates the recycling and removal of damaged macro-

molecule components such as proteins, lipids, DNA and orga-

nelles (reference). Under stress conditions, it’s activity will

dictate a cell’s fate between repair to maintain viability and

apoptosis.1 Relative to skin, autophagy plays a significant role in

Table 1 Number of differentially expressed probe sets

Treatment Probe sets (vs. untreated
cells)

P < 0.05 Q < 0.05

Veh (pH 2.5) 2729 3

Veh (pH 5.8) 2947 8

2% Niacinamide (pH 5.8) 4875 590

2% Niacinamide (pH 3.8) 6201 1173

Figure 3 Hierarchical clustering of autophagy-related gene expression. (a) Clustering of genes across untreated cultures (NT24) or cul-
tures treated with vehicle at pH 2.5 (Veh 2.5), pH 5.8 (Veh 5.8), 2% Nam at pH 5.8 (Nam 5.8) or 2% Nam at pH 3.8 (Nam 3.8) harvested at
24 h. Colour range reflects normalized intensity values. (b) Raw expression profiles across conditions for probe sets of select autophagy
genes. *P < 0.05 vs. NT24; &P < 0.05 vs. Veh (2.5); #P < 0.05 vs. Veh (5.8); ^P < 0.05 vs. Nam (5.8). Nam, niacinamide.

© 2020 European Academy of Dermatology and VenereologyJEADV 2020, 34 (Suppl. 3), 3–11
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Table 2 Gene Set Enrichment of autophagy-related Gene Ontology terms across low pH niacinamide (Nam) treatments

Color gradient represents the lowest (red), 50% percentile (white), and highest (blue) FDR q-value within a given treatment.

Table 3 Facemap linkages of top autophagy-inducing agents across low pH niacinamide treatments

Color gradient represents the lowest (blue), 50% percentile (white), and highest (red) linkage score within a given treatment.

© 2020 European Academy of Dermatology and VenereologyJEADV 2020, 34 (Suppl. 3), 3–11
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normal epidermal differentiation and homeostasis2,4 as well as in

ageing5 and skin diseases.3

Over the past few decades, Nam has become an important

molecule in cosmetic and pharmaceutical products for the treat-

ment of acne, skin photoageing attributes, and barrier integrity

improvement.6–8 Nam has been reported to protect cells from

oxidative stress, metabolic disruption, and inflammation.9,10 Rele-

vant to protecting from environmental insults, Nam has also been

shown to inhibit acute and chronic damaging effects of UV expo-

sure on skin.11 Kang et al.27 reported that Nam can increase the

in vitro lifespan of dermal fibroblasts and it is hypothesized this is

via mitophagy, a select form of autophagy, that improves mito-

chondrial activity.14 The induction of mitophagy by Nam in

fibroblasts is believed to be via maintaining NAD+/NADH ratios.15

To our knowledge, there are no published reports evaluating the

role of Nam on autophagy in keratinocytes, a critical cell involved

in skin’s homeostasis maintenance. We report here that Nam

treatment of human epidermal keratinocytes can lead to an induc-

tion of an autophagy-related response as measured by autophago-

some accumulation and increased gene expression and protein

levels of ATG5, a canonical marker of autophagy. Interestingly, the

response occurs within 6 h and returns to baseline control levels

by 72 h suggesting. It is also worth noting that the response to

Nam is relatively low. We believe this is due in part to Nam having

a benign impact of cell response under normal culture conditions

but can protect cells from oxidative stress.13 Future work will focus

on evaluating Nam effects under conditions of oxidative stress,

inflammation and ageing to better understand the kinetics with

additional autophagy measurements and markers is merited.

Skin surface pH is acidic compared with internal physiological

pH and is estimated to be slightly under pH 5.28 This lower pH

is important in maintaining barrier integrity as well as overall

function and turnover,29 and atopic dermatitis is associated with

a higher skin surface pH.30 It has been measured that with age

the skin surface pH increases closer to pH 6.18 This drift to more

neutral pH is considered to impact skin barrier integrity and

overall health.31 Treatment of skin with lower pH formulations

has been attributed to improving barrier integrity as well as vari-

ous disease conditions such as atopic dermatitis.32

Topical formulations containing Nam have historically been

practised within a neutral pH range to prevent formation of

niacin, a known vasodilator. Previous testing has determined

a threshold level of niacin that can trigger a perceptible flush-

ing indication and 2% Nam as final concentration has been

previously shown to deliver efficacy of barrier and skin health

improvement.33 Formulation optimization efforts established

that lowering the pH to as low as 3.8 would still allow for

usage of 2% Nam with minimal niacin formation below the

threshold level. Additionally, testing 2% Nam formula at pH

3.8 in a 28-day safety-in-use study found no difference in ery-

thema or dryness as measured in control formulations (data

not shown).

Nam at neutral pH had a modest autophagy induction in the

2D models. Partly, this may be due to it being tested under nor-

mal growth conditions and may require tested under oxidative

stress conditions or with senescence cells. To test what effect

lowering the pH range has on Nam mechanistic response, we

utilized an epidermal 3D skin model system to compare Nam

formulations at varying pH ranges. Bioinformatic analyses iden-

tified that 2% Nam formulations at pH 3.8 showed a statistically

significant higher induction of the GO term of “positive regula-

tion of autophagy” compared with a 2% Nam formula at pH 5.8

and control formula. This highlights that optimizing the Nam

formulation increases it’s likelihood of elevated efficacy.

In summary, we propose that Nam can induce autophagy in

human epidermal keratinocytes under normal growth condi-

tions. Additionally, optimizing formulations of 2% Nam at pH

levels as low as 3.8 show a significant induction of autophagy-re-

lated gene expression patterns in 3D skin models when com-

pared with neutral pH Nam and pH control formulas. These

Figure 4 Nam increases ATG5 protein levels in 3D human epidermal skin equivalent model. (a) MatTek EpiDermTM cultures were topically
treated with skin care formulations that comprised vehicle (pH 2.5), vehicle (pH 5.8), 2% Nam (pH 5.8) or 2% Nam (pH 3.8) for 24 h. Cul-
tures were processed and analysed by immunoblotting using the indicated antibodies. b-Actin served as a control. (b) Densitometric anal-
ysis of the signals on the blots (n = 3) show a significant increase in ATG5 protein levels by 2% Nam (pH 3.8; P = 0.056) compared with
non-treated control and vehicle (pH 5.8; P = 0.052) cultures. Nam, niacinamide.

© 2020 European Academy of Dermatology and VenereologyJEADV 2020, 34 (Suppl. 3), 3–11
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findings support the potential for increased clinical efficacy

response by low pH Nam formulas on skin ageing appearance

metrics. Future work is needed to better understand the mecha-

nistic aspects of autophagy induction as related to mTOR regu-

lation as well as evaluate under stress conditions to more closely

mimic in vivo conditions.
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