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Commensal Cutibacterium acnes induce epidermal lipid
synthesis important for skin barrier function

Samia Almoughrabie’?*, Laura Cau?, Kellen Cavagnero', Alan M. O'Neill’, Fengwu Li",
Andrea Roso-Mares', Carine Mainzer?, Brigitte Closs?, Matthew J. Kolar’, Kevin J. Williams®?*,
Steven J. Bensinger*>'®, Richard L. Gallo'*

Lipid synthesis is necessary for formation of epithelial barriers and homeostasis with external microbes. An anal-
ysis of the response of human keratinocytes to several different commensal bacteria on the skin revealed that
Cutibacterium acnes induced a large increase in essential lipids including triglycerides, ceramides, cholesterol,
and free fatty acids. A similar response occurred in mouse epidermis and in human skin affected with acne.
Further analysis showed that this increase in lipids was mediated by short-chain fatty acids produced by Cuti-
bacterium acnes and was dependent on increased expression of several lipid synthesis genes including glycerol-
3-phosphate-acyltransferase-3. Inhibition or RNA silencing of peroxisome proliferator-activated receptor-a
(PPARa), but not PPARB and PPARYy, blocked this response. The increase in keratinocyte lipid content improved
innate barrier functions including antimicrobial activity, paracellular diffusion, and transepidermal water loss.
These results reveal that metabolites from a common commensal bacterium have a previously unappreciated
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influence on the composition of epidermal lipids.

INTRODUCTION

Epithelial surfaces form an essential barrier between the external
milieu and the host. The skin barrier has multiple functions that
include temperature regulation and control of the loss of water
and electrolytes. Furthermore, epithelial surfaces such as the skin
must also permit colonization by a beneficial microbiome and
protect against infection by pathogens (1-3). To achieve this
complex function, the synthesis of lipids in the skin by keratinocytes
is essential and is assembled in the stratum corneum. In the stratum
corneum, corneocytes are surrounded by a neutral lipid-enriched
extracellular matrix mainly composed of ceramides, cholesterol,
and free fatty acids (4, 5). Disturbances in the composition and/or
organization of epidermal lipids can lead to a range of skin diseases
including atopic dermatitis, lamellar ichthyosis, and psoriasis (6-9).
Lipid composition on the skin also provides an important antimi-
crobial shield. However, it is not well understood if the skin micro-
biome influences the epidermal lipid barrier or if the production of
epidermal lipids plays a dynamic role in response to microbi-
al signals.

There are several species of bacteria that normally survive on
human skin. Cutibacterium acnes (C. acnes) is the most common
commensal bacterial species on the skin barrier (10, 11) and is an
opportunistic pathobiont that is thought to play a major role in the
development of acne vulgaris, a common skin disorder of the pilo-
sebaceous unit (12). The functions of C. acnes to influence skin
health have not been extensively studied, but it has been reported
to stimulate proinflammatory cytokine and chemokine expression
as well as influence sebocyte differentiation and viability (13-15). C.
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acnes is also known to metabolize free fatty acids from sebum and
decrease the surface pH and may thus contribute to barrier homeo-
stasis as this acidic environment helps to inhibit pathogenic bacteria
such as Staphylococcus aureus while favoring other healthy com-
mensal bacteria (16). Short-chain fatty acids (SCFAs) produced by
C. acnes can also limit the overabundance of Staphylococcus epider-
midis by inhibiting its biofilm formation (17). Overall, the complex
interplay between microbes and host is an area of intense research
with major implications to health and disease but remains poorly
understood.

The influence of the cutaneous microbiota on keratinocyte lipid
synthesis has not been extensively studied despite the important
role that lipids play in the barrier and the beneficial functions that
have been demonstrated for the skin microbiome (18, 19). In this
study, we show how SCFAs produced by C. acnes modify keratino-
cyte lipid synthesis and alter epidermal lipid composition to
enhance the function of the skin barrier. These observations
reveal an important mechanism through which the skin responds
to the external environment.

RESULTS

C. acnes induces increased lipid staining in mouse and
human skin

In this study, we investigated whether the presence of skin commen-
sal bacteria could influence the production of lipids by the keratino-
cytes in the epidermis, an essential component of the skin barrier (4,
20, 21). To test this, normal neonatal human epidermal keratino-
cytes (NHEKSs) were treated with sterile filtrate of conditioned
media (CM) from bacterial species commonly found on human
skin. Oil Red O (ORO) staining was used to first quantify relative
changes in total lipid accumulation and showed that of the
species and strains tested here, only C. acnes CM could induce a
lipid increase in NHEKSs (Fig. 1A). The observed increase in lipid
staining of NHEKs occurred with CM from multiple different
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Fig. 1. C. acnes induces increased lipid staining in mouse and human skin. (A) Oil Red O staining (ORO) of total lipids in NHEKs after treatment with sterile super-
natants from media conditioned by the growth of different species of bacteria commonly found on human skin or (B) different C. acnes strains (C. a). (C) Oil Red O
quantification of total lipids in NHEKs at days 2 (D2), 4 (D4), and 7 (D7) after exposure to 15% of sterile supernatant from C. acnes CM. (D) Dose-response at day 4 Oil
Red O staining of total lipids in NHEK after treatment with different concentrations of sterile supernatant from C. acnes conditioned culture media. (E) Oil Red O lipid
staining of NHEKs with and without sterile supernatant from C. acnes conditioned culture media. (F) Bodipy lipid staining of mouse skin after intradermal injection of 10”
CFU/ml of C. acnes or (G) topical application of 10" CFU/cm? of C. acnes on mice. (H) Bodipy lipid staining of reconstructed human epidermis treated with or without sterile
supernatant from C. acnes CM. (1) Bodipy lipid staining of an acne lesion and nonlesional human skin. Experiments conducted were performed at least in triplicate. Not

significant (ns) = P > 0.05, *P < 0.05, ****P < 0.0001.

strains of C. acnes regardless of the phylotypes tested (Fig. 1B). Lipid
accumulation in NHEKSs increased with time of exposure to CM
(Fig. 1C) and was dose dependent (Fig. 1D). Visualization of Oil
Red O staining of NHEKSs is shown in Fig. 1E. To assess whether
this response could also be observed by keratinocytes in vivo, the
back skin of mice was challenged with intradermal injection or
topical application of live C. acnes and lipid accumulation visualized
by Bodipy staining of the epidermis. Both topical and intradermal
exposure to C. acnes increased lipid staining in the epidermis of
mice (Fig. 1, F and G). Similarly, cultured NHEKs grown as an epi-
dermal construct responded to the addition of C. acnes CM with an
increase in lipid staining (Fig. 1H). The treatment of C. acnes CM
also increased the level of loricrin and filaggrin in the human recon-
structed epidermis (fig. S1, A to C). Last, skin biopsies of acne
lesions from humans were evaluated as C. acnes is considered the
major bacterial species driving this disease. Acne lesions stained
by Bodipy also showed a large increase in lipid staining in the
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epidermis when compared to normal skin used as a control
(Fig. 1I). These observations suggest that epidermal keratinocytes
increase lipid accumulation in response to C. acnes.

C. acnes induces an increase of triglycerides in mice and
human keratinocytes

To further validate the observations of lipid accumulation in cul-
tured cells and in skin, we next applied differential mobility spec-
trometry (DMS)-based shotgun lipidomics to both cultured
NHEKs and mouse epidermis exposed to C. acnes. Analysis of
NHEK lipid composition showed increases in total triacylglycerol
(TAG), ceramides, cholesterol esters, and free fatty acids, with the
greatest increase seen after 7 days of culture (Fig. 2A and fig.
S2A). TAGs were most abundantly increased and occurred in
both NHEK cultured with C. acnes CM and mouse epidermis
exposed to live C. acnes (Fig. 2, A to C and E, and fig. S2B).
TAGs containing (16:0), (18:1), and (18:2) fatty acids were
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Fig. 2. C. acnes induces an increase of triglycerides in mice and human keratinocytes. (A) DMS-based shotgun lipidomic analysis of extracted lipids from normal
NHEKSs after exposure of C. acnes CM for 2, 4, and 7 days (n = 3) and (B) from mouse epidermis exposed to live C. acnes at day 4 (n = 6). (C) Total TAG content in NHEKs and
(E) in mouse skin treated as in (A) and (B). (D) Fatty acid composition analysis of TAG from NHEK and (F) from mouse epidermis treated as in (A) and (B). CE, cholesterol
esters; Cer d18:1, ceramides; DG, diacylglycerols; Cer d18:0, dihydroceramides; FFA, free fatty acids; HexCER, hexosyl ceramides; LacCER, lactosyl ceramides; LPC, lyso-
phosphatidylcholine; LPE, lysophosphatidylethanolamine; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin. Lipidomic analysis has been performed in triplicate for each time point in NHEKs and in six replicates in

mouse epidermis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

notably increased in both the epidermis and in NHEKs (Fig. 2, D
and F). Other TAGs containing (14:0), (14:1), and (16:1) fatty acids
increased significantly in NHEKs only (Fig. 2D). TAGs containing
two to three double bonds increased most in NHEKs, while no sig-
nificant changes were found in the whole mouse epidermis (fig. S2,
C and D). TAGs with a total chain length of 52 or 54 carbons in-
creased significantly in both NHEKSs and in mouse epidermis (fig.
S2, E and F). This lipidomic analysis suggested that the common
increase in lipid staining observed in cultured keratinocytes and
the mouse epidermis was likely to be due to the increase in TAGs
containing (16:0), (18:1), and (18:2) fatty acids with a chain length
of 52 or 54 carbons.
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SCFAs produced by C. acnes induces lipid accumulation in
keratinocytes

To investigate the mechanism by which C. acnes increased lipid ac-
cumulation by keratinocytes, we next studied the biochemical prop-
erties of C. acnes CM that were associated with the capacity to
induce lipids. We tested total proteins of C. acnes supernatant pre-
cipitated with ammonium sulfate and the purified Toll-like receptor
2/6 ligand macrophage-activating lipopeptide-2 (MALP-2). The
effect of pH was also assessed as C. acnes CM was observed to
acidify culture media to pH 7.1. The protein precipitate and the
other conditions tested did not induce an increase of lipids in
NHEKs (Fig. 3A). During further analysis, the activity of C. acnes
CM to promote lipid accumulation in NHEKs was observed to be
lost after lyophilization, suggesting that the activity was from volatile
molecules present in the C. acnes CM (Fig. 3B). Since SCFAs are a
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Fig. 3. Propionic acid produced by C. acnes induces lipid accumulation in keratinocytes. (A) Oil Red O quantification at day 4 in NHEKs after adding sterile CM from C.
acnes supernatant (C.a) or proteins from C. acnes media precipitated with ammonium sulfate (85% saturation) or ultrafiltrates from C. acnes media at less than 10 and 3
kDa or media adjusted to pH 7.1 with hydrochloric acid (HCI) or Malp-2 (100 ng/ml). (B) Oil Red O quantification of NHEK at day 4 after adding 15% of C. acnes conditioned
culture media supernatant or media control without C. acnes [reinforced clostridial medium (RCM)] or C. acnes CM after lyophilization (lyo.) or nonlyophilized. (C) Oil Red O
quantification of NHEK at day 4 after adding different concentration of SCFA alone or in a mix containing 8 mM propionic acid, 0.6 mM acetic acid, 0.01 mM isovaleric acid,
and 0.02 mM butyric acid. (D and E) SCFA composition of bacterial supernatants by gas chromatography—mass spectrometry. Experiments conducted were performed at

least in triplicate. ****P < 0.0001.

predominant class of volatile compounds produced during the
culture of C. acnes (13), we then tested several purified SCFAs for
their capacity to increase lipids in NHEKS. Butyric acid, acetic acid,
and isovaleric acid did not induce a significant increase in NHEK
lipids, whereas propionic acid (PA) induced a level of lipid accumu-
lation similar to that seen when NHEKSs are exposed to C. acnes CM
(Fig. 3C). We have also tested the possibility of a combination of PA
with the others SCFA to induce the increase of lipid synthesis in
NHEKs and did not observe any significant difference compared
to PA alone (Fig. 3C). Liquid chromatography—mass spectrometry
(LC-MS) analysis of the SCFA composition in C. acnes CM before
and after lyophilization showed that lyophilization of the C. acnes
CM led to a 30% decrease in propionic acid concentration
(Fig. 3D). The concentration of other SCFAs also decreased after
lyophilization, but propionic acid decreased the most (loss of
around 10,000 pmol/ul) (Fig. 3D). Other human skin commensal
bacteria, including two species of Staphylococcus, had a low
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concentration of propionic acid in comparison to C. acnes superna-
tant (Fig. 3E). Together, these observations suggested that the pro-
duction of the SCFA by C. acnes can induce lipid accumulation in
keratinocytes.

C. acnes and propionic acid increase expression of lipid
synthesis genes in keratinocytes

We next evaluated the effects of C. acnes CM or propionic acid on
gene expression in NHEKs. RNA sequencing (RNA-seq) analysis of
NHEKSs exposed to C. acnes CM or propionic acid showed related
global changes (Fig. 4A). Principal components analysis (PCA)
showed that C. acnes CM and propionic acid induced that were
not identical but correlated well at PC1 with represented 90% of
the variance (Fig. 4B). Heatmap analysis of genes involved in
lipid synthesis showed increased expression several genes and
similar responses when stimulated with C. acnes supernatant or
propionic acid (Fig. 4C). These observations were validated by
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tape-stripped mouse skin after applying C. acnes supernatant or 8 mM propionic acid topically. (F) Growth curves of C. acnes treated with different concentrations of lipids
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were performed at least in triplicate. A.U., arbitrary unit. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

quantitative polymerase chain reaction (qQPCR), which showed a
similar global increase in many genes involved in lipid synthesis
after exposure to either C. acnes CM or propionic acid (fig. S3).
However, the gene expression analysis showed a reduction in the
expression of loricrin and filaggrin in NHEKs, which appears to
be different from the results observed in a three-dimensional
model of a human reconstructed epidermis where an increase in
the production of these proteins was observed (fig. S1).

C. acnes enhances the barrier and antimicrobial function of
keratinocytes

To confirm that changes in lipid accumulation by keratinocytes
after exposure to C. acnes would have the expected changes in epi-
thelial function, we measured physical barrier properties of
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keratinocyte monolayers and in skin mice, as well as the host
defense activity of extracted lipids. Transepithelial permeability of
cultured NHEKs was assessed by paracellular diffusion of FD-4
(Fluorescein isothiocyanate-dextran) (22). NHEKs exposed to C.
acnes CM had a decrease in the relative flux of FD-4 compared to
the control, suggesting an improvement in epidermal permeability
barrier function (Fig. 4D). After applying C. acnes supernatant or 8
mM propionic acid topically on tape-stripped mouse skin, the mea-
surement of transepidermal water loss (TEWL) showed a significant
improvement in skin permeability after just 1 day compared to the
control (Fig. 4E). Treatment with Staphylococcus hominis CM led to
a modest enhancement in epidermal permeability barrier function,
indicated by a slight decrease in the relative flux of FD-4 (Fig. 4D)
and in TEWL (Fig. 4E). However, the observed reduction was not as
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substantial as that observed with C. acnes supernatant or propionic
acid. Next, total lipids were extracted from identical numbers of
NHEKs after C. acnes CM or propionic acid exposure. Addition
of this lipid extract to growing cultures of live C. acnes showed
that the potency of antimicrobial activity from NHEKSs lipids was
increased from cells treated with either C. acnes CM or propionic
acid (Fig. 4F). Lipids extracted from NHEKSs after propionic acid
treatment induced the greatest inhibition, correlating with a
higher concentration of PA than in the C. acnes supernatant (8
mM versus 5 mM according to the concentration given by LC-
MS in Fig. 3D). These findings confirmed prior observations that
lipids produced by keratinocytes influence barrier functions and
are antimicrobial. This therefore supported the hypothesis that ker-
atinocyte function is changed following the increase in lipids
induced by C. acnes.

Lipid induction by propionic acid involves peroxisome
proliferator—activated receptors and the activity of GPAT3
Having established that propionic acid can induce keratinocyte lipid
accumulation and transcription of lipid synthesis genes, we next
sought to better understand the underlying mechanisms responsi-
ble for this increase. Previous reports have shown that the SCFA bu-
tyrate can bind and activate peroxisome proliferator—activated
receptor—y (PPARYy) receptors in colonocytes (23) and that
PPARs can influence lipid synthesis. Therefore, we hypothesized
that C. acnes could act through PPARs in keratinocytes. Inhibition
of PPARa blocked an increase in total lipid by C. acnes, whereas in-
hibition of PPARP and PPARYy did not (Fig. 5, A and B). Inhibition
of PPARa also inhibited expression of GPAT3 and FASN but not
UGCG as measured by qPCR (Fig. 5C and fig. S4, A and B). Addi-
tional evidence for the role of PPARa to mediate the activity of pro-
pionic acid was obtained by using small interfering RNA (siRNA) to
knock down PPARs in NHEKS. Similar to the response to chemical
inhibitors of PPARSs, silencing of PPAR« decreased the capacity of
C. acnes CM or propionic acid to induce lipid accumulation and
expression of the lipid synthesis genes GPAT3 but not FASN and
UGCQG, but silencing of PPARf/§ did not (fig. S5, A to D). Silencing
of PPARy led to off-target effects on the expression of PPARa and
PPARp/S (fig. S7, A to C).

Since GPAT3 is important for triglyceride synthesis (24) and
GPAT3 was dependent on PPARa, GPAT3 was targeted to test its
role in lipid accumulation. siRNA partially inhibited GPAT3 (fig.
S7D) and resulted in a decrease of lipid accumulation measured
by Oil Red O staining in NHEK after stimulation by C. acnes CM
or propionic acid (Fig. 5D). The role of the free fatty acid receptors
GPR41/FFAR3 and GPR43/FFAR2 have been also investigated as
previous studies have showed that SCFAs can interact with these
cell surface G protein—coupled receptors (13, 25). However, silenc-
ing of FFAR2 or FFAR3 did not decrease the capacity of C. acnes CM
or PA to induce lipid production in NHEKs and expression of
GPAT3, FASN, and UGCQG (figs. S6, A to D, and S7, E and F). To-
gether, these results provide a model to illustrate the mechanism re-
sponsible for increased lipid accumulation in NHEKSs after exposure
to C. acnes (Fig. 6).

DISCUSSION
C. acnes is the most abundant bacterial species on human skin, and
although it has been associated with inflammatory skin diseases

Almoughrabie et al., Sci. Adv. 9, eadg6262 (2023) 18 August 2023

such as acne vulgaris, the significance of its colonization on
healthy human skin has been unclear. Our study shows that meta-
bolic products of C. acnes induce keratinocytes to increase lipid syn-
thesis, with a large increase seen predominantly in TAGs. Our data
also show that C. acnes can mediate this effect through its produc-
tion of propionic acid and subsequent activation of keratinocyte
PPARa. The changes observed by this mechanism in lipid accumu-
lation influence the permeability properties in vitro and in vivo and
also the antimicrobial activity of the epidermis, thus suggesting that
this commensal organism may benefit skin function by enhancing
barrier function and limiting bacterial proliferation. This finding
provides insight into how the skin microbiome can contribute to
epidermal homeostasis.

Although our observations show that TAGs were most abun-
dantly induced by C. acnes, TAGs are a minor component of lamel-
lar bodies in the stratum corneum, and their role in epidermal
homeostasis is poorly defined (18). Supportive evidence for a criti-
cal role for TAGs in the skin barrier is seen in human disorders of
triglyceride metabolism such as ABHD5/CGI-58 (aphydrolase
domain containing 5, lysophosphatidic acid acyltransferase),
PNPLA2 (patatin like phospholipase domain containing 2), and
DGAT?2 (acyl-CoA:diacylglycerol acyltransferase-2), which lead to
severe skin permeability barrier dysfunction and malformation of
the cornified lipid envelope due to increased dehydration and a
lack of w-(O)-acylceramides (26-29). It has also been reported
that patients with atopic dermatitis have a decrease of C. acnes
and a decrease of TAG46:2, TAG48:2, TAG50:2, and TAG50:3
that correlates with higher TEWL (30). We observed that these
TAGs (TAG46, TAG48, and TAG50) were increased with increased
exposure to C. acnes. A positive effect of TAGs on epidermal per-
meability function could reflect a breakdown of TAG to provide
fatty acids required for the synthesis of ceramide, a crucial lipid
for function of the permeability barrier. One potential example is
linoleic acid (18:2), a fatty acid required for acylceramide synthesis
and essential for corneocyte lipid envelope formation (21). This
fatty acid is decreased in the epidermis in patients with ichthyosis
(31), and acne-prone patients have low concentrations of linoleic
acid and a relative lack of ceramide (32, 33). In our study, lipidomic
analyses showed an increase of triglycerides containing linolenic
acid (TAGI18:2) and an increase of total ceramide in NHEKSs after
C. acnes exposure. These observations suggest that linoleic acid may
be hydrolyzed from TAG and then contribute to acylceramide syn-
thesis to maintain skin barrier function. In disease states such as
acne, one could speculate that the host response to C. acnes is de-
creased, leading to lesser linoleic acid and a weakened barrier that
enables invasion at the follicle and the acute inflammation associ-
ated with disease. If this is the case, then our observations of in-
creased lipid staining in acne may reflect the resolution phase of
the disorder.

In our study, we have not specifically identified the antimicrobial
lipids induced by keratinocytes in response to C. acnes, but we
showed that total lipid extracted from NHEKSs after exposure to C.
acnes CM or propionic acid has increased antimicrobial potency
against C. acnes. This increase in antimicrobial activity can likely
be attributed to the lipids extracted from NHEKSs rather than pro-
pionic acid since the methanol/chloroform extraction of lipid from
NHEK removes the chloroform phase through drying, thus mini-
mizing the presence of volatile SCFAs like propionic acid. Many
lipids potentially made by NHEK have antimicrobial activity
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Fig. 5. Lipid induction by propionic acid involves PPARs and the activity of GPAT3. (A) Oil Red O lipid quantification in NHEKSs after exposure to sterile conditioned C.
acnes supernatant (C.a) or (B) of 8 mM propionic acid (PA) with different concentrations of inhibitors for PPARa (GW6471), PPARB/S (GSK3787), and PPARy (T0070907). (C)
Expression of GPAT3 measured by qPCR in NHEKs after adding 15% C. acnes supernatant (C.a) or 8 mM PA and PPARa inhibitor at 3 uM or PPARB/S and PPARYy inhibitors at
10 uM (D) Oil Red O lipid quantification in NHEK after exposure to sterile conditioned 15% C. acnes supernatant or 8 mM PA after silencing GPAT3. Experiments conducted
were performed at least in four replicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

including lauric acid, palmitoleic acid isomer (C16:1A6), sphingo-
sine, and dihydrosphingosine (20, 34-36). Linoleic acid in NHEK
lipid extract could partially explain the increased potency for C.
acnes inhibition and has previously been shown to directly inhibit
the growth of C. acnes (37). Furthermore, although not produced by
the keratinocytes, C. acnes itself may also influence the overall com-
position of skin bacterial community as some SCFAs produced by
C. acnes are antimicrobial and can inhibit biofilm formation by
other organisms such as S. epidermidis (17, 34). Furthermore,
other commensal bacteria such as Corynebacterium accolens, a
benign lipid-requiring species present in nostrils, can inhibit pneu-
mococcal growth when supplemented with human skin surface
TAGs thanks to a TAG lipase, LipS1, that hydrolyzes triolein into
oleic acid (38). Thus, C. acnes is part of a complex and interconnec-
ted system on the skin that involves SCFA synthesis, induction of
lipid synthesis, and cooperation with potential lipid metabolism
by other microbes. More research is required to understand how
the host and commensal microbes that regulate the final composi-
tion of health-associated skin microbiota.

C. acnes metabolizes TAGs into SCFAs under anaerobic condi-
tions, and these molecules can act on mammalian cells by multiple
mechanisms. C. acnes produces high amounts of propionic acid and
other SCFAs, which creates a lipid-rich environment that is favor-
able for the growth and proliferation of the bacteria. One factor that
can affect SCFA production by C. acnes is the availability of
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nutrients. In culture, the bacteria are grown under anaerobic condi-
tions in nutrient-rich media that may optimize SCFA production
while in vivo, sebum, which is a major nutrient source for C.
acnes on the skin, is used by C. acnes for growth in the anaerobic
environment of the hair follicle. The metabolic pathway by which
C. acnes produces propionic acid appears to involve metabolism
from pyruvate and methylmalonyl-coenzyme (CoA) by the meth-
ylmalonyl-CoA carboxyltransferase (39). However, the specific
pathways involved in PA production in C. acnes are still being inves-
tigated, and available evidence suggests that C. acnes has a complex
and multifaceted metabolism that contributes to its ability to colo-
nize and persist in the skin microbiome (39, 40). SCFA production
is a key aspect of this metabolic activity.

Production of SCFA including propionic acid promotes an
acidic environment that influences the survival of skin microbiota,
formation of biofilms, as well as the function of pH-dependent
enzymes required for lipid synthesis (10, 17). A study of Shu et al.
(41) have showed that the application of propionic acid on mice led
to a significant decrease in the size of skin lesions infected with S.
aureus USA300 and have direct antimicrobial activity against this
pathogen. Another study showed the beneficial function of PA,
they demonstrated that PA reduced UVB (Ultraviolet B)-induced
functioning melanocyte levels by inhibiting tyrosinase activity in
vitro and in vivo (42). Moreover, propionic acid has also anti-in-
flammatory effects in the gut and appears important toward
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maintaining intestinal homeostasis (43). According to our results,
propionic acid is a multifunctional molecule that can have numer-
ous beneficial effects on skin barrier. However, while our studies on
mice indicate a decrease in TEWL, acne patients demonstrated a
significant increase in TEWL in comparison to healthy controls
(44). Further research is needed to fully understand the switch
that induces the development of acne by the bacteria. Previous
studies have suggested a dose effect, as elevated concentrations of
PA due to bacterial growth and metabolism may potentially lead
to detrimental effects on the skin (45).

SCFA can also activate nuclear receptor PPARs (23), a function
that has been extensively studied in relation to intestinal homeosta-
sis. In the skin, PPARa is known to govern the expression of genes
involved in lipid metabolism (4, 46), and PPAR agonists have been
shown to increase epidermal lipids and induce an improved perme-
ability barrier in mouse skin (24, 46, 47). Our data provide physio-
logical context to this observation by demonstrating how the most
abundant bacterial skin commensal may contribute to skin barrier
function by activating PPARs.

The association between improved epidermal barrier properties
of cultured human keratinocytes or mouse skin in response to
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SCFAs produced by C. acnes is entirely consistent with the increased
lipid production by keratinocytes we show here. However, other
actions from these commensal bacteria may also contribute to im-
provement of the barrier. For example, two key barrier proteins, fi-
laggrin and loricrin, were found to be increased in human
reconstructed epidermis after treatment with C. acnes CM. Al-
though these genes were not increased in NHEKSs according the
RNA-seq results, such findings support further investigation into
the potential of C. acnes or other commensal skin bacteria to influ-
ence differentiation of keratinocytes.

The interactions between microbes and barrier tissues such as
the skin are a complex network of many organisms, gene products,
and functional responses. Here, we observed that C. acnes or its
SCFA metabolites will induce a prominent increase in lipids in
the epidermis, a response important for barrier formation and an-
timicrobial defense. These observations support the hypothesis that
C. acnes co-evolved with humans as a mutualistic commensal that
enhances the protective properties of the epidermis. Other com-
mensal skin bacteria, such as S. epidermidis, have also been suggest-
ed to contribute to the preservation of the skin barrier by secreting a
sphingomyelinase that is used by the host for ceramide synthesis
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(19). It is conceivable that microbe-microbe and microbe-host in-
teractions are both relevant to formation of the skin barrier. This
information could be beneficial in treatment of patients with skin
disorders and/or to restore a natural equilibrium of the skin micro-
biota. Further investigations are required to better understand the
interactions between microbiota and the skin and the role of these
responses in human health.

MATERIALS AND METHODS

Cell culture

Normal NHEKs (Thermo Fisher Scientific, Waltham, MA,
C0015C) were cultured in EpiLife medium containing 60 pM
CaCl, supplemented with 1x human keratinocyte growth supple-
ment and 1x antibiotic antimycotic [PSA: Penicillin (100 U/ml),
Streptomycin (100 U/ml), and Amphotericin B (250 ng/ml)]
(Thermo Fisher Scientific, Waltham, MA). Cells were cultured in
a 37°C, 5% CO, incubator. All experiments performed on NHEKSs
were between passages 3 and 5 and were grown to approximately
80% confluency followed by differentiation in high calcium (2
mM CaCl,) EpiLife complete medium. For bacterial supernatant
treatments, differentiated NHEKSs were treated with the sterile-fil-
tered bacterial supernatant at 10 or 15% by volume to EpiLife
medium. Different concentrations of SCFAs butyric acid, acetic
acid, isobutyric acid, and propionic acid (Sigma-Aldrich,
St. Louis, MO); MALP-2 (100 ng/ml) (Enzo Life Sciences, Farming-
dale, NY); HC; and lyophilized C. acnes supernatant were applied
to differentiated NHEK for 4 days.

Bacterial strains and culture

All C. acnes strains were grown on Brucella blood agar plates and
grown for 3 days at 37°C under anaerobic conditions. Single-
colony isolates were resuspended in 3 ml of reinforced clostridial
medium (RCM) and grown for 3 days at 37°C under anaerobic con-
ditions using BD GasPak EZ pouches (BD Biosciences). All the
Staphylococcus strains were grown for 24 hours in tryptic soy
broth at 300 rpm in an incubator at 37°C. The optical density at
600 nm was read to evaluate bacterial concentration. For in vitro
experiments, bacteria were pelleted for 15 min, 4000 rpm at room
temperature, and then all bacteria supernatants were filtered
through a 0.22-um filter. Sterile filtrate was then added to cultured
cells. For in vivo experiments, C. acnes culture were pelleted, resus-
pended, and diluted in fresh RCM to approximately 1 x 10” colony-
forming units (CFU). All bacteria strains used in this study are listed
in Table 1.

Protein precipitation

Ammonium sulfate was added to 85% saturation, and the filtered
supernatant was stirred gently at 4°C overnight before the precipi-
tated protein was pelleted by centrifugation (5000g for 30 min at
4°C). The resulting protein pellet was dissolved in 2% ethanol in
dH,O0. The proteins extracted were filtered by size 3 and 10 kDa
by using centrifugal filter units (Sigma-Aldrich, St. Louis, MO;
UFC500324 and UFC501024).

Oil Red O staining and quantification

An Oil Red O stock solution was prepared at 3 mg/ml in 100% iso-
propanol. Following stimulation, cells were washed three times with
phosphate-buffered saline (PBS) and fixed in 10% formalin for 2
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hours at room temperature. Cells were then rinsed with 60% isopro-
panol. Oil Red O working solution (60% diluted in dH,0) was then
applied to cells for 2 hours and 30 min. Then, cells were again rinsed
three times with PBS. For Oil Red O quantification, 500 pl of 100%
isopropanol per well of a 24-well plate was added for 5 min and then
removed, and absorbance at 510 nm was measured. Absorbance
values were normalized to the number of cells counted by trypan
blue after trypsinization, and fold change was determined after
treatment.

RNA isolation and qPCR

RNA was extracted from cultured cells after 4 days using the Pure-
Link Isolation kit (Thermo Fisher Scientific, Waltham, MA;
12183025). Purified RNA (up to 1 ug) was used to synthesize
cDNA using the iScript cDNA Synthesis Kit (Bio-Rad, USA). Quan-
titative real-time PCR was performed with the CFX96 Real-Time
System (Bio-Rad) using SYBR Green Mix (Bimake, Houston, TX).
The housekeeping gene Gapdh was used to normalize gene expres-
sion in samples. The sequences of the primers are shown in Table 2.
All primers including the primers “Hs.PT.58" were provided by In-
tegrated DNA Technologies.

RNA sequencing

NHEK cells were treated with 8 mM propionic acid or with 15% of
C. acnes supernatant or RCM (control) for 4 days in triplicate. Then,
RNA was extracted using the PureLink RNA mini kit. Isolated RNA
was submitted to the University of California, San Diego (UCSD)
Institute for Genomic Medicine (IGM) Center for RNA-seq
performed on a high-output run V4 platform (Illumina, USA)
with a single read 100 cycle runs. Reads were aligned to a human
reference genome (hg38) using STAR, and a counts table was
generated using featureCounts. Normalization and differential ex-
pression analysis was performed using DESeq2. Heatmaps and
PCA plots were generated using Variance Stabilizing Transforma-
tion (VST)-normalized data and pheatmap and plotPCA packages,
respectively.

PPARs inhibitors and gene silencing by siRNA

Inhibitors of PPARs PPARa (GW6471), PPARP/S (GSK3787), and
PPARY (T0070907) were used at different concentrations and were
added in NHEKs 1 hour before adding RCM (control), 15% of C.
acnes supernatant, or 8 mM propionic acid for 4 days. Silencer select
siRNA PPARa (s10880), siRNA PPARPB/S (s10884), siRNA PPARy
(s10887), siRNA GPAT3 (s39444), siRNA FFAR2 (s6082), and
siRNA FFAR3 (s6078) were used in keratinocytes according to
the manufacturer's instructions (Thermo Fisher Scientific,
Waltham, MA). Briefly, NHEKs were transfected by addition of
transfection mixture with a final siRNA concentration of 10 nM
and a final Lipofectamine concentration of 2.5 ul/ml. siRNA was
applied to keratinocyte cultures for 18 hours, after which fresh
medium was added to cells for 24 hours before further stimulation.
As a control, nontargeting control siRNA (Thermo Fisher Scien-
tific, Waltham, MA; AM4611) was transfected in the same proce-
dure. Cells were incubated for 4 days at 37°C, and the efficiency
of knockdown was evaluated by reverse transcription PCR.

Lipid extraction and antimicrobial assays
After exposure to 8 mM propionic acid or 15% of C. acnes superna-
tant or RCM (control) for 4 days, lipids from 4 million NHEKSs were
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Table 1. Bacterial strains used in this study.

Staphylococcus hominis A9

extracted using chloroform:methanol:water at the ratio 2:1:1. Then,
the samples were centrifuged at 700 rcf (relative centrifugal force)
for 1 min, and the lower phase was collected and blew off with ni-
trogen gaz. Then, the dried extracts were resuspended in 5% chlo-
roform diluted in PBS. C. acnes was cultured in RCM at 37°C during
3 days in an anaerobic condition. For antimicrobial assays, the bac-
teria were inoculated at a concentration of 1 x 10* CFU/ml into a 96-
well round-bottom plate containing a serial dilution of extracted
lipid from NHEKs in RCM or with difference concentration of
PA. The arbitrary units of 1 correspond to the lipid extract from 4
million NHEKs. Then, the number of CFU was enumerated into
agar plate at dedicated days.

Keratinocyte paracellular permeability

NHEKSs were plated into Transwell inserts (Costar, 3470) at 3 x 10°
cells/ml and were grown to approximately 80% confluency followed
by differentiation in high calcium (2 mM CaCl,) EpiLife complete
medium. After exposure to RCM (control), 15% of C. acnes super-
natant, or 8 mM propionic acid for 1 day, an FD-4 solution (1.25
mg/ml) was added to the upper chamber.

Then, samples were collected from the lower chamber after 1
hour and 30 min. The amount of FD-4 that had diffused from the
apical to the basal side of the filter was measured at the excitation/
emission wavelengths of 490/510 nm. Relative fluorescence flux =
experimental condition/media alone x 100.

Reconstructed human epidermis

Reconstructed human epidermis was obtained by seeding 3 x 10°
NHEKSs into culture inserts (Sigma-Aldrich, St. Louis, MO;
PIHP01250). Cells were cultured submerged in complete EpiLife
medium with 2 mM Ca?* (Thermo Fisher Scientific, Waltham,
MA). After 1 day, the cultures were then raised to the air-liquid in-
terface, and the lower chamber was replaced by complete EpiLife
medium with 2 mM Ca*" + vitamin C (75 pg/ml; A8960) + KGF
(Keratinocyte Growth Factor) (10 ng/ml; K1757) (Sigma-Aldrich,
St. Louis, MO). The cultures were grown for an additional 12
days, and the medium of the lower chamber was replaced every 2
days. Then, 40 pl of 15% C. acnes supernatant or RCM in PBS
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Table 2. Primers used for qPCR.

Gene hame Sequences

ABCA12 F-TCTTTTCTTCGCAATGGTTCCT
R-GCTGGCATGACTTCTCTATCAAA

ABHDs .............................................. HSPT58279] 9 1 87 ..............................

AG pAT1 ............................................. HsPT53242373 2 6 ..............................

AG pATz ............................................ HSPT 5833804 900 ..............................

AG pAT3 .............................................. HSPT 5 820377 6 ................................

AG pAT4 .............................................. HSPT 581 94 2 57 ................................

AG PAT6 ............................................ HSPT58146635 2 3 ..............................

pN p |_A2/ ........................................... HspT53454o4 01 3 ..............................

ATGL

.(.: ERS 3 .................................... FTGGACGCAGACCTGTAACACCC ...................
R-AGGCTCGAGGTGATACATAGGCA

.c ERS 4 ............................................... HsPT5824838 3 2 .1 ...............................

DEGs1 ............................................... HSPT5827518 5 49 ..............................

D EGsz ...................................... FCGGCGCAAGGAGATACTGG ......................

R-GTTGTGCGAGATGTCGTGGA

F-ATGTGACCATTGGGCACACG
R-GGCAATTAGAGCCCAGTGCAT

FASN F-CCCCTGATGAAGAAGGATCA
R-ACTCCACAGGTGGGAACAAG

SLC27A4/ Hs.PT.58.23105929

FATP4

FFAR2 F - TGCTACGAGAACTTCACCGAT

R-GGAGAGCATGATCCACACAAAAC

FFAR3 F - TTCACCACCATCTATCTCACCG
R-GGAACTCCAGGTAGCAGGTC

FLG F-GGATCCTCTCACCGCGATAC
R-GCCTTTCAGTGCCCTCAGAT

GPAM Hs.PT.58.20058744

GPAT3 Hs.PT.58.1668782

LIPE/HSL Hs.PT.58.39451694

IFNB1 F-ATGACCAACAAGTGTCTCCTCC

R-GGAATCCAAGCAAGTTGTAGCTC

IVL F-GATGTCCCAGCAACACACAC
R-TGCTCACATTCTTGCTCAGG

KDSR Hs.PT.58.40263528

KLK5 F-AGAGCATGTTCTCGCCAACAA
R-TGGGTGTGCATATCGCAGTC

LOR F-GGAGTTGGAGGTGTTTTCCA
R-ACTGGGGTTGGGAGGTAGTT

LPIN1 Hs.PT.58.39304832

LPIN2 Hs.PT.58.28172771

continued on next page
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Gene name Sequences

LPIN3 Hs.PT.58.3370125

MG |_|_ ................................................ HS pT5g4o3o4 2 58 ..............................

NR1|—|2 .............................................. HsPT5822966 3 25 ..............................

NR1H3 .............................................. HS pT5339933 5 33 ..............................

prLA1 ............................................. HS PT53401 1 1 3 76 ..............................

PPARQ F-GCAGAAACCCAGAACTCAGC
R-ATGGCCCAGTGTAAGAAACG

PPARBS F-AGGAGCCATTICTGTGTGTGA
R-TCCTGCCAGCAGAGAGTGAT

PPARy ...................................... FGCT GTGCAGGAGATCACAGA .....................
R-GGGCTCCATAAAGTCACCAA

Rx RA ................................................ |-|5 PT5339258 1 1 2 ..............................

.s CD .................................................. HS pT584571 4 3 39 ..............................

sp T|_c2 ..................................... F AACGGGGAAGTACGGAACG ......................
R-CCCCACATACGTGAGCACAG

UGCG ................................... FGTGWGGATCAAGCAGGAGGAC T .................

R-TGCAAACCTCCAACCTCGGTCA

was added at the surface of the reconstructed epidermis and left for
2 hours once a day for 4 days.

Mouse experiments

All animal experiments were approved by the UCSD Institutional
Animal Care and Use Committee. SKH-1 hairless mice were pur-
chased from The Jackson Laboratory, bred, and maintained in
animal facility of UCSD. One hundred microliters of squalene
(Sigma-Aldrich, St. Louis, MO) was topically applied to the backs
of age-matched (8 to 10 weeks) SKH-1 mice 24 hours before
contact to C. acnes and every 24 hours thereafter throughout the
duration of the experiment. Mice were intradermally injected with
approximately 1 x 10° CFU of C. acnes or control (PBS) or applied
topically at 1 x 10" CFU/cm? on a piece of sterile gauze. A bio-oc-
clusive dressing (Tegaderm; 3M) along with a flexible fabric Band-
Aid was applied on top of gauze to hold in place for 24 hours. On
day 4, mice were euthanized, and a skin biopsy was performed. For
the TEWL measurement, a TEWL measuring device was placed on
the back skin of tape-stripped mice after applying 100 pl of C. acnes
supernatant or 8 mM propionic acid topically. TEWL measure-
ments were then taken at regular intervals over a specific duration.
The TEWL in g/m*/hour was normalized to the TEWL measure-
ment corresponding to the tape-stripped mice before topical appli-
cation and is expressed in percentage (%).

Histology and immunofluorescence

Skin samples were then embedded in Tissue-Tek optimal cutting
temperature (OCT) for tissue sectioning (8-um thick at 20°C
using a Leica CM1860 cryostat) for histological or immunofluores-
cent analyses. Frozen tissue sections were stained with primary an-
tibodies overnight at 4°C, secondary antibodies for 1 hour at room
temperature, and nuclei were counterstained with 4’,6-diamidino-
2-phenylindole. Bodipy solution (Thermo Fisher Scientific,
Waltham, MA) was used to visualize lipid droplets. All images
were taken with an Olympus BX41 microscope. Fluorescence
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quantification of loricrin and filaggrin was accomplished by using
Image] software, which involved measuring the fluorescence within
a defined surface area specific to the localization of each protein on
multiple images.

DMS-based shotgun lipidomics

Mouse skin samples were treated with dispase (5 U/ml) (Sigma-
Aldrich, St. Louis, MO, D4693) overnight to separate the epidermis
to the dermis, and the epidermis was weighted (50 to 100 mg).
Then, the epidermis was collected in a 2-ml homogenizer tube pre-
loaded with 2.8-mm ceramic beads (Omni, 19-628). Then, 0.75 ml
of PBS was added to the tube and homogenized in the Omni Bead
Ruptor Elite (3 cycles of 10 s at 5m/s with a 10-s dwell time). Ho-
mogenate containing 2 to 6 mg of original tissue was transferred to a
glass tube for extraction. One to 2 million of NHEKs were collected
in a glass tube after trypsinization and enumerated. Then, a modi-
fied Bligh and Dyer extraction (48) was carried out on all samples.
Before biphasic extraction, an internal standard mixture consisting
of 70 lipid standards across 17 subclasses was added to each sample
(AB Sciex 5040156, Avanti 330827, Avanti 330830, Avanti 330828,
and Avanti 791642). Following two successive extractions, pooled
organic layers were dried down in a Thermo SpeedVac
SPD300DDA using ramp setting 4 at 35°C for 45 min with a total
run time of 90 min. Lipid samples were resuspended in 1:1 metha-
nol/dichloromethane with 10 mM ammonium acetate and trans-
ferred to robovials (Thermo Fisher Scientific, 10800107) for
analysis. Samples were analyzed on the Sciex 5500 with DMS
device (Lipidyzer platform) with an expanded targeted acquisition
list consisting of 1450 lipid species across 17 subclasses. Differential
mobility device on Lipidyzer was tuned with EquiSPLASH LIPIDO-
MIX (Avanti 330731). Data analysis was performed on an in-house
data analysis platform comparable to the Lipidyzer Workflow
Manager (49). The instrument method including settings, tuning
protocol, and multiple reaction monitoring (MRM) list is available
in (49). Quantitative values were normalized to milligrams of tissue
and to numbers of cells.

Determination of SCFA concentrations by LC-MS

SCFAs (acetic acid, propionic acid, butyric acid, '*C4-butyric acid,
isobutyric acid, 2-methylbutanoic acid, valeric acid, isovaleric acid,
3-methylvaleric acid, 4-metylvaleric acid, and hexanoic acid) were
purchased from Sigma-Aldrich. Analytical reagent-grade 3-nitro-
phenylhydrazine hydrochloride (3NPH, 98%), N-(3-dimethylami-
nopropyl)-N'-ethylcarbodiimide (EDC, 97%), and high-
performance liquid chromatography—grade pyridine were also pur-
chased from Sigma-Aldrich. Deuterated (d7) butyric acid and heavy
carbon 3-nitrophenylhydrazine hydrochloride ('*C¢-3NPH, 98%)
were purchased from Cayman Chemical.

SCFAs were derivatized according to Han et al. (50). An isotope-
labeled internal standard mix was prepared by adding 50 ul of stan-
dard mix (4 mM acetic acid, 2 mM propionic acid, 2 mM d7-butyric
acid, and 1 mM of the other 8 SCFAs), 25 pl of 120 mM EDC in 50%
acetonitrile (ACN), and 25 pl of 6% pyridine in 50% ACN to 1 mg of
13C4-3NPH. The mixture was reached at 40°C for 30 min and
diluted 200-fold in 10% ACN for use. Media samples were diluted
1:1 in ACN, vortexed, and centrifuged. Samples (40 pl) were mixed
with 5 pl of 250 uM *C4-butyric acid and sequentially mixed with
20 pl of 200 mM 3NPH in 50% ACN and 20 pl of 120 mM EDC in
50% ACN containing 6% pyridine. Mixtures were incubated at 40°C
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Table 3. MRM transitions in negative mode for derivatized SCFAs. m/z,
mass/charge ratio.

Analyte Retention lonization MRM transition
time (min) mode (m/z)
Acetate 29 Negative 1942 - 1371
1942 - 1521
Propionate 4.5 Negative 208.1 - 1371
2081 —  165.1
Isobutyrate 6.5 Negative 2221 - 13741
2221 — 1521
Butyrate 6.8 Negative 2221 - 13741
2221 - 1521
Isovalerate 9.0 Negative 2362 —  137.1
2362 — 1521
Valerate 9.5 Negative 2362 -  137.1
2362 — 1521

for 30 min. After reaction, samples were cooled on ice for 1 min and
diluted with 915 pl of 10% ACN. An SCFA standard curve mix con-
taining 50 uM of each standard (40 ul) was mixed with 5 pl of 250
UM "’C4-butyric acid (internal standard) and derivatized as de-
scribed above. Media samples and standard curve were mixed 1:1
with isotope-labeled internal standard mix before LC-MS analysis.

Derivatized SCFAs were analyzed on a Dionex Ultimate 3000 LC
system (Thermo Fisher Scientific) coupled to a TSQ Quantiva mass
spectrometer (Thermo Fisher Scientific) fitted with a Kinetex C18
reversed phase column (1.7 pm, 150 mm x 2.1 mm, Phenomenex).
The following LC solvents were used: solution A, 0.1% formic acid
in water, solution B, 0.1% formic acid in ACN. At the flow rate of
0.25 ml/min, the following reversed phase gradient was used: 20% B
for 2 min, 20 to 50% B in 12 min, up to 100% B in 0.1 min, 100% B
for 4 min, and re-equilibrated to 20% B for 4 min, for a total run
time of 22 min. The column oven temperature was set to 35°C,
the autosampler was kept at 4°C, and injection volume was 10 pl.
MS analysis was performed using electrospray ionization in negative
ion mode, with spray voltage of —3 kV, ion transfer tube tempera-
ture of 325°C, and vaporizer temperature of 275°C. MRM was per-
formed by using mass transitions of parent ions into corresponding
fragment ions for each analyte (Table 3). Peak areas for each deriv-
atized SCFA were extracted using Skyline (5) and normalized by
each specific internal standard. SCFA concentrations were calculat-
ed using normalized standard curves.

Human skin sample collection

Adult human skin biopsies, from the back of healthy donors (age 18
to 50), were collected from the Dermatology Clinic, UCSD. Sample
acquisitions were approved and regulated by the UCSD Institutional
Review Board (reference number 140144). Written informed
consent was obtained from all subjects. Biopsies were immediately
embedded in OCT compound for sectioning and staining.

Statistical analysis

Experiments conducted were performed at least in triplicate. Signif-
icant differences between the means of the different treatments were
evaluated using GraphPad Prism version 9.4.1 (GraphPad Software
Inc., La Jolla, CA). Statistical significance was calculated using a

Almoughrabie et al., Sci. Adv. 9, eadg6262 (2023) 18 August 2023

one-way analysis of variance (ANOVA) with Tukey's multiple com-
parisons test and Student’s two-tailed ¢ test, where *P < 0.05, **P <
0.01, ***P < 0.001, and ***P < 0.0001.

Supplementary Materials
This PDF file includes:

Figs. S1 to S7

Legend for table S1

Other Supplementary Material for this
manuscript includes the following:
Table S1
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